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- ARTICLES

STABILITY CALCULATION FOR LARGE
PRESSURIZED-WATER REACTORS

V. I. Plyutinskii and P. A. Leppik | UDC 621.039.52.034.7.44 : 62-503

A pressurized-water reactor has the following forms of instability: ‘neutron-physical (resonance), which
is due to the strong feedback from the void coefficient of reactivity, hydraulic (between and within loops), and
low-frequency, which is due to the pressure change in the reactor arising from unbalance between the produc-
tion and use of heat. Many forms of instability have been discussed elsewhere [1-4]. Although the methods )
varied, the following general assumptions are used: :

1) the point approximation is used for the reactor kinetics;
2) the neutron-physical and hydraulic instabilities are consxdered as independent, although it has been
pointed out [5] that they interact. ‘

The stability of a large reactor must be examined on models that incorporate the spatial kinetic effects,
as well as the interaction between the hydrodynamic and neutron-physical processes. In particular, it becomes
incorrect to assert [1] that the stability of the point model (the fundamental mode for the neutron flux) guaran-
tees stability of the higher modes for a reactor with a negative void coefficient of reactivity.

Here we consider a method of calculating the stability that incorporates the interaction between the spe— _
tial hydraulic and neutron-physical effects. The following are the basic assumptions :

1) a linear approximation is used;

2) the pressure in the steam space and the temperature in the circulating water at the inlet to the core
are taken as constant (low-frequency oscillations are neglected);

3) the monoenergetic diffusion approximation is used for the kinetics;

4) the reactivity is dependent only on the steam content (full temperature effects are neglected to simplify
the expressions);

5) the heat production at point r in the fuel at the time 7 is proportional to the neutron flux density &, 7;

6) the pressure differences in the coolant at any instant are the same for all the fuel cassettes -

7) the circulation loop outside the core is one-dimensional.

Assumptions 1 and 2 give us the Laplace transform for the neutron-flux density deviation A&(r, p) as

o) (1)
A‘D(r p)= 2= @ (P) fi (r),

where fj are orthonormahzed functions (modes) that are solutions to .
p div (Do grad £;) + 2y (ko —1) /i + wiZokSf, =0 @)
subject to the boundary conditions , .
| £i(0) -0 () grad [, (1) -m=-0 - 8
at the outer surface of the core (®,=1). -
The coefficients in the expansion ai(p) are dependent on the changes in the reactor parameters and are
found from

.

div (AD grad ©y) +AZ, k% — 1 — &2 Wp (p)] + AkawZ®y 11— Wi (p)l = 2 a;(p) (Plvo+ ZokSWs (P) + piZok) fi- 4

i=0

The symbols in (1)-(4) are as follows: I is the macroscopic capture cross section; p is the variable in
the laplace transformation; Ws(p) = phJ m/(P+Ay); 1 is the vector normal to the surface of the core; subscript
—1

0 denotes values of the parameters correspondmg to the unperturbed state A represents deviations; and the
other symbols are as in [6] (Section 1.1). :

Translated from Atomnaya Energlya, Vol. 47, No. 6, pp. 363-367, December, 1979, Or1gmal article sub-
mitted October 9, 1978; revision submitted June 18, 1979,
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In accordance with asaﬁmptioa 4, the deviations of the physical parameters in the perturbed reactor are
dependent only on the steam content ¢ and can be put in the form
| AD(r, 1) = (r) Ap(r, 7)
Ak (r, Ty =1(r) Ag(r, T) 8
AZ(r, ©)=E(r)Ag(r, 7)

where

_Dm ., Oke(®) 1) ‘
P=Twm " aem  t et (6)

It is possible to use a multlple—group approximation in employmg (6) to incorporate the actual neutron spec-
trum at each point r.

Therefore, the reactivity of the perturbed reactor can be determined by exact calculation of the spatial
distribution of the steam content. For this purpose it is best to use numerical methods for determining the
complex frequency response for the steam content and other necessary parameters along the channel [7, 8].
_This method can be used for the complex frequency response corresponding to the transfer functions ©qij”

(z, p) and W,i(z, p), which relate the change in the steam content at each section z in cassette j to the per-
turbations on mode i [aj(p) Fj(r)] and to the water flow rate at the inlet to the cassette [AgJ (p)]; these transfer
functlons allow us to calculate the change in steam content:

B9, =2 o (D Wes P, ™
where [Wk Wk g (Wk Wk Wqu) W ;] are transfer functions that relate respectively the
change in ﬂow rate at thg i]nlet to a cassette and the c ange in total flow rate at the inlet to the core [AG(p)] with
the perturbation on mode i, where WléGj is a transfer function that relates the change Ad (p) to the perturbation
AG(p), and j=j(r); z=2z(r). '

The transfer functions for the perturbation in mode i are determined as the Laplace transforms of the
changes in the corresponding parameters in response to changes in the heat production (Aqijj) in the fuel rods
in each cassette in accordance with the law

Agyy (&, =222 7, ) 5 (x), ®)

foj (2)
.where qoj(z) is the heat production in the unperturbed reactor averaged over the cross section of the cassette,
6(7) is a Dirac 6 function, ij(z) is the mean over the cross section of a cassette for mode i, and fjj(z) = fi ().

We substitute (7) and (5) into (4), multlply both parts by fi, and integrate over the volume of the core.
Then as the weighting factor zokw applies to system {fl}, which is orthonormahzed we get

S a (p) (p)—pf" @ (p) lﬁ‘— Wil o) (), )

. where -
SQt(r p)Ww:J(z )dV+5 Q'(r, p)WW,(z p) dS; (10)

Q= —vygrad f,-grad f, ‘ffgfoft tk&fi —kSWg (p)] —H]Eofoft (1—Wa(p)l; Qi =1pfegrad fo-n;

Wit = (pl:;;f+Wk+l.Lt)'1 is the transfer function for the kinetics for mode f; and l,ff = S (fefi/ve) 4V is the effec-
' ’ : v
-ef , . .
tive neutron lifetime, ltt Nloo 1 3 l?if =0 for t=i. The integration in the second term in (10) is over the exter-
nal surface of the reactor 8 (it is frequently assumed that 2" =0 for large reactors). '

We get the transfer functions that relate the change in reactor power to changes in water flow rate for the
entire loop and for the individual channels. We split up the entire circulation loop into three parts: the core,
the rising section, and the descending section (these are referred to by the superscripts co, ri, and de). We
assign as the rising section the entire volume of the loop above the core with two-phase flow, while the descend-
ing section is all the part with a single-phase flow, . :

For simplicity we assume that the power deviation is described by mode i alone. Then the following is
the change in the pressure drop (AP)ij across channel j: :

972 .
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APY; (p) = Whas (p) a: (P) + Whe: () Agy; (P), o Cay
where Agij is the increment in the water flow rate at the inlet to the channel core by the change in mode iand
Wp,i are transfer functions that relate the change in pressure drop-across the channel to the pertur-

batmﬂ of mode i and to the ﬂow-rate change at the inlet to the channel respectlvely, whose complex frequency -
characteristics have already been derived [8]. .

With assumption 6 we get from (11) that
| 1 (12)
Agi; () = (P) Wiqis (P) +Wsi (p) AGi (p),

where

v

, co
 Whei= W e/ Whes;
co R B
quu = (Wqu - WPqu)/WIfgi; :
Weg— [E(ngg) -

W = Wp° V (Wil Whei):

AG;= ]2 Agij.

The increment in the water flow rate at the inlet to the core [AG;i(p)] on perturbation in mode i can be
put as )

'co i ’ ]
W i (P) -+ W o, (P) (13)
_ wie (1))+ng Ww+wSE K’
where Wrl is the transfer function that relates the change in pressure difference APr1 to the perturbation on
i

mode i (for AG=0), and W{; and Wcl]'—’G are transfer functions that relate the changes AP ang APde to the per-
turbations AG.

AG; (p)= —a;(p)

The complex frequency characteristics of W‘i, and W’Bql are determined in accordance with assumption
7 by the method of [2, 9] with the complex frequency characteristics of {8] for the flow rates of water and
steam at the exit from the cassette, while W‘fw%, is determined from the equations of one-phase hydrodynamics.

Expressions have been derived for the quantities appearing in (9); we assume that in the stability analysis
it is sufficient to restrict consideration to a finite number of modes. Then (9) can be put as the matrix equa-
tion , ] . ‘
A=[|W|-A, . (14)

where A is a vector with components (ag, 21, @3, -., ag); [[W] is a square matrix of order s +1 having the ele-
ments

Wy (p):[dii(p)'—l)l‘ticti] Wy (p), €= { 1, L.

Equation (14) allows one to examine those forms of instability which interact; for example, poles in the right
half plane for the transfer functions Wy; indicate interchannel instability (if there are zeroes in the right half-
plane for W%), or general-loop instability (if there are zeros in the right half plane for the transfer func-
tion WG +WHG + ). If we neglect the nondiagonal elements in |[W]|, analysis of .(14) allows us to judge the
stability of the individual modes without considering the coupling between them, e.g., the element Wy, (p) de- ’
scribes the kinetics in the point approximation. However, for a large pressurized reactor it is necessary to
consider the mode interaction, as the examples below show.

Let vi(w) (i=0, 1, ..., S) be the eigenvalues of |W| for p=jew; it can be shown that if the transfer func-
tions corresponding to the elements [[W| do not have poles in the right half plane (i.e., there is no hydraulic
instability) then it is necessary and sufficient if the system of (14) is to be stable for the hodographs of all the
vectors pj(w) not to enclose the point (1, j0) as w goes from 0 to = (by analogy with the Nyquist criterion for
one-loop systems) [10]. Also, if the nondiagonal elements of [W| are small, then the eigenvalues v; are close
to the diagonal elements, and in the case of loss of stability we can talk of instability on the individual modes.

As the moduli of the elements. of [|W| tend rapidly to zero as i and t increase, there will be little effect
on the first eigenvalues (vg, vq, v9) if the dimensions of the matrix are more than three or four, while the
higher eigenvalues are small in modulus. Therefore, we can increase the d1mens1ons of the matrix step by
step to estimate the number of modes that need be incorporated.

973
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Fig. 1. Hodographs for the complex frequency characteristics of
diagonal elements (broken line) and for the eigenvalues (solid line)
of the [|[W|| matrix for N=100%, Aiy =167 kd/kg (the points show the
values of the frequency w is rad‘sec™).
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- : Fig. 2. Stability margin p as a function of
- ) : : diameter L: &, )} N=100%, Aiy=115
kI kg; (--—, ——- ) N=100%, Aiy =167 kd/kg;
¢e-, -+=) N= 140%, Al =115 kJ kg.

We givé as an example the results from a simplified calculation on the stability of a reactor performed
in this way; the reactor is considered as radially homogeneous (b=« at the side surface of the core), while the
asymmetry in the heat production over the height of the core is produced by manipulation of the lower and upper
" boundaries of the reactor (the nonuniformity factor k, =1.5); Dy, X, and kgo are taken as constant over the
colume and the migration length My= vDy/x( is taken as 10 cm. The height of the core in all cases was 3 m,
while the diameter of the core varied from 2 to 10 m, with the height of the rising part above the core 6.4 m and
the pressure in the reactor 10 MPa,

We considered modes with various modes N and various degrees of underheating of the water at the inlet
Ai‘f;; coefficient 7(z) was calculated on the basis of the actual distribution of the parameters over the height of
the core as derived via two-group constants, while the coefficients £(z) and y(z) were taken as zero. The void
effect on the reactivity varied from 0.03 to 0.07 under these conditions, while the steam content € at the outlet
varied over the range 0.5-0.7. '

974
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Figure 1 shows the hodographs for the complex frequency characteristics for the dlagonal elements of
||W| corresponding to various modes (the subscripts 00, 11, and 22 refer to the fundamental, the first azimuthal
mode, and the first axial mode, respectively), and it also shows the hodographs for the elgenvalues vi(w)(core
dmme‘t;,er % 3 ni) for one of these states. To illustrate the effects of the circulation we also show the’ hodog'raphs
for Wyg, vo» Wan, and v, calculated on the assumption of a constant total flow rate through-the core, as well as
the hodograph for yf calculated on the assumption of constant flow rate for the coolant in all channels in the
core (in this model, any redistribution of the flow rate between the channels has no effect on vgand vy, but a
change in the total loop flow rate affects ;). The divergence of the hodographs for Wy and py resembles that- -
for Wyy and py and shows that the fundamental and first axial modes have substantial interaction (as a result,

.the stability of both modes is increased). The hodographs for Wy; and », coincide, since djy=d;,=0 in this

model. The effects of the circulation reduce the stability of all modes, which is very clearly seen for the azi-
muthal mode, which becomes unstable in this state.

The interchannel fluctuations in flow rate affec‘t the stability in a large reactor, as is illustrated by Fig. 2
(the measure of the stability margin is the distance p of the corresponding hodograph from the point +1, j0).
It has been assumed here that the hydraulic characteristics of the individual channels and of the loop and as a
whole (i.e., quij and WY .) are independent of the diameter of the core. If the reactor has a core diameter
exceeding some value L', the instability will set in earlier not on the fundamental but on the azimuthal mode.
This L' decreases as the hydraulic stability of the channels against interchannel fluctuations falls.

CONCLUSIONS

The features of the thermophysical processes in large pressurized-water reactors require one to con-
sider the spatial kinetics along with the equations of the circulation in the core channels and in the loop as a
whole in discussing the stability. The loop circulation generally sometimes has a destabilizing effect on the
fundamental mode, Therefore, a large reactor may give rise to loop hydroneutron instability, which is charac-
terized by fluctuations in the circulation and the neutron flux. The first axial mode usually has a stabxlizing '
effect on the fundamental mode.

In a large reactor, it is possible for there to be a special interchannel hydroneutron instability caused by
the interaction between the interchannel hydraulic effects and the azimuthal mode in the neutron flux. A dif-
ference from a purely hydraulic instability is that this is dependent on the size of the core.
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A THREE-PULSE REGULATOR FOR CONTROLLING THE COOLANT
TEMPERATURE IN A FAST REACTOR UNDER EMERGENCY CONDITIONS

V. A, Afanas'ev, V. M, Gryazev,* UDC 658.52.011.56:621.311.25:621.039
V. N, Efimov, V. I. Plyutinskii, :
and A, N. Tyufyagin

A fast reactor produces considerable temperature rise in the coolant in the core; therefore, large ther-
mal stresses can arise when the emergency protection gear operates, which represent a hazard for the con-
structional components. One of the ways of reducing the stresses is to control the coolant flow in such a way
that the power-decay curve is similar to the coolant-flow decay. Then the coolant temperature at exit from the
r@actor will be approximately constant, so the thermal stresses will be minimal,

One of the commoner ways of powering the main circulation pump is that used in the BOR-60 (Fig. 1)
[1, 2]. This includes the synchronous motor SM and the generator G, which supplies the dc motor DC. The
speed of the main circulation pump MCP is controlled by including the variable resistor Ry in the exciting
winding of the generator, which itself is controlled by the constant-speed motor CS. When the synchronous
motor is switched out of the circuit, the kinetic energy is redistributed (by adjustment of the generator exci-
‘tation), and this enables one to control the coolant flow law within fairly wide limits [2].

_ The BOR-60 has been used in an experiment in which a single-pulse temperature regulator was used to
control the generator excitation when the emergency protection gear operates [2]. The signal to the regulator
is derived from fast thermocouples at the exit from the fuel-rod assembly. Tests showed that it is possible to
maintain the temperature quite accurately under these conditions. However, the fast thermocouples are not
very reliable, so it was not possible to use them in the standard control system.

Here we consider the scope for controlling the temperature during emergency shutdown by means of sig-
'nals from slow thermocouples at the exit. As there is considerable lag in the upper volume of the reactor and
in the thermocouple, the control performance is improved by making use of pulses generated by the coolant flow
- and the neutron power level.

The purpose of the regulator of Fig. 1 is to maintain the coolant temperature at the exit at the level im-
mediately before the emergency. Therefore, the basic control parameter is the temperature ty recorded by
the couple. The regulator should maintain the temperature at the value immediately before the emergency,and
automatic adjustment of the temperature signal is provided for this purpose. The temperature-deviation sig-
nal is generated by a circuit consisting of the adder X3, whose feedback circuit contains the integrator L,

In the normal state, the contact of the relay P is closed. When an unbalance signal abpears at the output
-of X3, the integrator output will vary until the unbalance signal from the adder vanishes, no matter what the
absolute value of the temperature at the input. At the mstant of the emergency, the contacts of relay P open
and the output 51gna1 is
At=t -tro,

where tr, is the coolant temperature at the reactor outlet at the moment preceding the emergency and tp is the
current temperature.

This signal passes to the adder I, with the adjustment coeff101ent K¢, which is an adjustable parameter,
and then to a relay component, which works with an integrating negative feedback circuit. The parameters Kg,
and Ty, of the feedback circuit are also regulator-setting parameters. The relay controls the CS motor., The
adder X, receives signals representing the power levels N and the flow rate G, where the power signal is sup-
plied not directly but via the multiplier M, which multiplies the power signal by the signal from the integrator
I;. This is necessary in order to provide correspondence between the flow rate and power signals before the
protection operates.

*Deceased.

Translated from Atomnaya Energiya, Vol. 47, No. 6, pp. 367-370, December, 1979. Original article sub-
mitted May 15, 1978; revision submitted April 23, 1979.
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Fig, 1. Structural diagram of the temperature regu- '
lation system. '
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Fig. 2. Lines of constant value for the rms temperature deviation
for Ky of 1000 (a) and 600 (b).

Fig. 3. The Ky dependence of the minimum value of J for power
levels of 60 (1) and 20 MW (2).

Calculations were performed for 60 and 20 MW in order to determine the optimum regulator settings.
The mathematical description of the flow-rate control includes differential equations for the object, the drive,
and the regulator, ‘

Methods of defining the adjustable parameters for regulators in linearized automatic-control systems
are not applicable in this case because of the substantial nonlinearity in the object, and also because the coeffi-
cients in the equations are explicit functions of time. Therefore, the optimum regulator settings are derived
numerically by comparing various calculations made by computer. The optimality criterion is the minimum
rms deviation of the temperature from the initial value during the pump deceleration time Ty (it is assumed
that this time is the time needed for the flow rate to fall to 5% of the initial value).

The integral quadratic criterion J is defined by
Tqd
J= g (tr—t )2 dr,

0

where Ty=80 sec is the deceleration time and T is time.
The static control accuracy is governed by K;:
At=A/K,,
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Fig. 4. Calculated transient-response curves for the témperature—control system
after operation of the emergency protectjon: a) curves for fall in power level and

coolant flow; b, ¢) temperature curves for Q;=60 and 20 MW, respectively; 1, 2)
temperatures at the exit from the core and the reactor, respectively.

Fig. 5. Transient response with temperature control (solid line) and without con-
trol (broken line) in the experiment with operation of the emergency protection:
1, 2) temperatures at the exit from the core and reactor, respectively.

where A is the insensitive zone of the relay element. We assume K¢=1, i.e., At=1°K, and then this static ac-
‘curacy can be obtained with standard temperature regulators. Any improvement on this would require special
development, and calculations show that no change is desirable, since the static error of 1°K is much less than
the dynamic error. The calculations were performed for various values of K, be; and Ky for a constant
value of K¢ (K¢ = 1); in determining Ky, it was assumed that the voltage at the output of the relay elements was 1.
Calculations on the transient response were performed for a nominal output of 60 MW, and Fig. 2 shows the
lines of equal value for At=vJ/Tg. :

Figure 3 shows the minimum value of J for the given Ky as a function of the latter for two different
power levels, The minimum J for the nominal power is obtained with KN 620, which corresponds to the fol-
lowing optimum feedback adjustments: Kg,=0.8, Tfh=35 sec. Then At=1,18°K,

Figures 2 and 3 show that slight changes in Ky do not produce substantial changes in At, and these adjust-
ments may be considered optimal for any initial reactor power. The transient response calculated for this
optimal adjustment is shown in Fig. 4. Clearly, the excursions of the temperature at the exit from the core do
not exceed 5-11°K, while those at the exit from the reactor are only 2-5°K,

This control system was tested with the BOR-60; the regulator was an instrument developed at the Cen-
* tral Complex Automation Research Institute from a standard RPIB regulator. The tests demonstrated the good
performance in maintaining the exit temperature when the emergency protection gear operates, and they also
served to refine the calculated adjustment figures. The initial parameters before the protection operated were
as follows: reactor power 40 MW, coolant flow through reactor 900 ms/h, Kn=600, Tf, =40 sec, Kfp,=0.8, A=
1.3°K.

Figure 5 shows the transient response in the control system and the comparative curve when the protec-
- tion operates without the regulator. The control performance is quite adequate, as is clear from the fact that
the deviation in the temperature at the exit from the core is only 17°K, as against 5°K at the exit from the
reactor, whereas the corresponding figures without the regulator were 115 and 25°K, respectively,
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This method of shuttmg down the reactor is of high performance, which was demonstrated not only by the
calculations but also by experiment, and it is recommended for use on fast power reactors, since it provides
improved reliability and safety. However, the forms of equipment vary, as does the scope for controlling the
circulation-pump speed, so the problem is best considered at the design stage if the appropriate flow-rate con-
trol range is to be provided, particularly from a source with an adequate kinetic-energy reserve. For exam-
ple, a turbine generator might be employed.
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SYNTHESIS OF AN UNSYMMETRICAL-ZONE CONTROL
SYSTEM FOR REACTOR POWER DISTRIBUTION

I. Ya. Emel'yanov, L. N, Podlazov, . : _ UDC 621.039.562
A, N, Aleksakov, and V., M, Panin

A substantial problem is represented by the need to maintain given spatial energy distribution in a large
nuclear reactor, on account of the tendency to spontaneous nonstationary deformation of the distribution f1].
This poses many problems for the designers of control systems for large reactors, and one of the most impor-
tant of these is the optimum choice of the number and disposition of the control rods and transducers in auto-
matic control system.

The traditional approach involving local control systems requires a number of local regulators equal to
the number of unstable harmonics to be suppressed [2]. However, it has been shown (3, 4] that, in prmcmle it
is possible to stabilize the neutron distribution with a smaller number of regulators.

The prospect for improving the stabilizing performance of an automat1c control with fewer control ele-
ments has stimulated studies [5-7] in which various aspects of control for a one-dimensional reactor have been
discussed, including unsymmetrical control systems. In particular, it has been shown [5)] that one has to con-
sider the control performance and stability in the synthesis of an unsymmetrical system, and that here the
-most promising systems involve a combination of the zone principle of automatic-control design with asym-
metry. Here we consider the synthesis of an unsymmetrlcal—zone system for controlling the radial and azi-
muthal energy distributions.

Formulation., The neutron distribution is described by means of a linearized equation for the diffusion
approximation in a cylindrical coordinate system on the assumption that only slow processes are involved,
namely such that the delayed neutrons can be neglected. All changes in the quantities are assumed averaged
over the axis with a weight proportional to the square of the neutron flux.

These assumptions give the equations for the dynamics of the reactor with a single power feedback as

Ag +u3(p+(kfb o) Dy =0; . ) (1)
6km76t o — 1% e o @

‘where kg describes the control action, ‘ N
The time unit is the tune-consmnt of the feedback t:he steady—state neutron flux dxstrlbution &, satisfies
| -‘ AD, + 13D, =0 e
~ with the boundary condition '¢01r=1 =0 :

0 for r<< Ry

. s
wherex == {C()Jlb’t>0 for Ii|<r<\1

(here R, is the radius of the equalized energy distribution).

Translated from Atomnaya Energiya, Vol. 47, No. 6, pp. 370-373, December, 1979. Original article sub-
mitted January 8, 1979, '
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»Th'e'solutibii to.(4) takes the_ form [6]

1 for r< Ry
(Do = AT (%) Y (ny) — Y (3r) Ty (%))
f°r Ri<<r<,

where A= [Jo(%oRﬂYo(%o) Y(“>‘¢¢)31)Jo(74<1)]-1

We consider the case where the automatic control is based on regulators working in proportmnal (static)

mode and write the equatiofi for k, as
b= — S AS(r—ri, 8—0) S gl | (6)
: i=1 S :

-

=1 8= O;j

where M is the number of control rods, Aj >0 is the transfer coefficient for rod i, ri and ¢j are the coordinates
» of rod i, N; is the number of transducers corresponding to rod i, rij, 6ij are the coordmates of transducer j
_ correspondmg to rod i, and 6(r, ) is a two-dimensional § function.

After Iaplace transformation we write (1) and (2) on the basis of (3) and (5) as

[ +”0‘P+S+1 (P""

8 (6)
! —CDOZ AS(r—ri, 8— 0)2 ?lr=ris =0;
l | mt o=t M

We can use Galerkin's method [8] to solve the boundary-value problem of (6) and (7) approximately: we
rewrite (6) as Flp(s, r, )] =0, where F is a linear operator.

where Lip(t, r, 0)]1=¢(s, r, 0).

Approi:imation n to the solution is the function

n—1
Qn(s, 7, 8)= :U bi (s) i (r, 6),

where-zpi(r, 6, i=0,1, 2, ..., arethe eigenfunctions for the self-conjugate boundary-value problem
{ Ap= —Ay;
. 1" lr=1 =0.
The coefficients. by (k 0, 1, 2, ...) are determined from the condition for orthogonahty of F ((pn) to the
functions i in the region Q= (0< <r<1 0<0< 2n):
. - - P |

— _— : 8
HF((pn)%rdrdﬂ=0, k=0,1,2 ...,n-1. ©
) [ ' .
‘Equations (8) constitute a linear homogeneous algebraic system for the coefficient b;:
C : ' n—1t
3 Bk,bi_O kE=0,1,2, ..., n—1,

. . i=0
where -
o dn
Bki= g S F('lpg) 'lb;ﬂ' dr do.
3 [
We equate t.he determmant of this system to zero to get an approxxmate characteristic equation:

Numermal analysm shows that acceptable accuracy is obtained in determmmg the roots of the charaC*
terlstlc equation for (1)-(3) by incorporating 17 terms in the expansion of the neutron flux in terms of the spa-
tial harmoniecs, i.e., formaxk=maxi=161in(9). Studyofthe rootsof(9) can provide reasonably complete infor-
mation on the general effects of the control—system parameters on the stability of the steady state in the

reactor.

] The optimization involves a choice of optimality criterion; here we have used the following scheme for
defining the optimum location of the means of measurement and control. We seek to define a location such that-

the function J defined by
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J—maxRe(s,), i=1,2, .., n, -

. is minimized, where §; are the roots of (9). We use the local-variation method with a computer [9] to define

min J. Then we examine the performance in the transient response in the system with this disposition. The
basic performance criteria in this case are the transient decay time and the error in maintaining the mean
power. If the control performance satisfies the requirements, it is assumed that the control system is opti-
mal, but otherwise it is necessary to increase the number of regulators.

Three Reg'ulator'sz- We assume that one rod corresponds to one transducer. It is known [2] that an auto-
matic control with three local regulators can stabilize a reactor unstable on not more than three harmonics
without the control system.

It has been shown [4-7] that the stabilizing features of an automatic control for a one-dimensional reactor
are substantially dependent on the mutual disposition of the transducers and rods. One therefore naturally sup-
poses that a similar feature occurs in the present control system. We assume that each local zone containing
the rods and transducers has central symmetry, and then the adjustable parameters are the coordinates ry and
6, of the rod and those ry; and gy, of the transducer. For example, we consider a reactor in which the radius
of the equalized energy distribution R;=0.7, and we further assume A;=30, i=1, 2, 3, and =20. A reactor
with this o is unstable on five harmonics without the control system. We examine how the roots of (9) vary
with ry, ryy, 64, 613. On account of the symmetry, the independent parameters are ry, 'y, 611~ 64.

The initial disposition is the following local control system: .
ry=ry=0,6; 0;,—0,=0. ' (10)

The solution to (9) with these parameters is three roots each with a positive real part. The azimuthal
distribution of the transducers and rods, i.e., variation of 64;— 84, produces a stabilizing effect, and for 0.8 <
611~ 6y =1.25 the automatic control system with three control rods stabilizes this reactor that otherwise is un-
stable on five har monics.

The local-variation method allows us to minimize J; Fig, 1 illustrates the sequence. The azimuthal
paths of the transducers and rods are nominal, since the independent parameter is the difference of the azi-
muthal angles 6y;—6;. The final point in the search corresponds to an unsymmetrical zone control system with
parameters r{~ 0.4; r{~0.9; 61;—6,~0.8. '

Stability in a control system is an important characteristic but not the only one; from the practical view-
point, it is also necessary to consider the transient response and the precision in maintenance of the mean
power during control. This system was checked for performance by comparison with the local control system
of (10). First we examine the stabilizing effects of the various forms of mutual disposition of the rods and
transducers. For this we consider again a reactor unstable on five harmomcs (@=20). We assume A;=30,

i=1, 2, 3, and introduce a feedback perturbatlon of the form

n-1 .
XY (11)
» Abe ik 11’:(’?: - ) ‘ '
The behavior of thé amplitudes of the harmonics is closely demonstrated by the amplitude of the zeroth
harmonic. In the case of the local system of (10), we find that b, increases exponentially (curve 1 in Fig, 2),
because this system does not control the instability on the five harmonics. The unsymmetrical zone system

Fig. 1. Definition of the optimal location for
measuring and control devices by the local-
variation method: @ and A, three regulators;
.O and A, four regulators; ® and O, rods; A
and A, sensors; 1 and 2, initial and final points
in search, respectively.
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Fig. 2. Variations in amplitude of fundamental
for @ =20 (——) and a =6 (- - -); 1 and 3)
. local control system with three regulators; 2 and
4) zone-asymne tric system with three regulators;
5) zone -asymmetric system with four regulators.

does stabilize this instability. The amplitude changes then take the form of damped oscillations (curve 2 in
Fig. 2). It is of interest to consider the behavior of the zeroth-harmonic amplitude when the control system of
- (10) stabilized an unstable reactor («=6). Figure 2 shows that the maximum deviation and the transient-
response time for this unsymmetrical control are substantially smaller than those for the local system.

It is important that the control should maintain the total reactor power with a given accuracy. In the
present case, contributions to the total power come only from the radial harmonics:

2n 1 1 1
(S rdro=2n (bo Y Yo dr + by, g P51 dr -4 by, i Yyrdr+ .. )
R 0 0 0 :

The behavior of the total power for the case of Fig. 2 is close to that of by, i.e., the unsymmetric system
maintains the total power with much better accuracy. The analysis shows that the transient response with the
unsymmetrical system optimized to min J is far better than that of the local system of (10).

_ Four Regulators. As in the previous case we assume that one rod corresponds to one transducer. If the
rods and transducers are uniformly distributed in azimuth, there is no unsymmetrical control system that can
stablhze the second azimuthal harmonic of the form

Rypcos20 or  Ryysin 20, (12)

It is impossible to stabilize this harmonic because, in principle, any combmatmn of the harmonics of (12)
is possible, and among these there is always one such that the deviation of the parameters at the points of dis-
position of the transducers will be zero. On the other hand, the above unsymmetrical control system with three
regulators does stabilize the azimuthal harmonic of (12), i.e., three regulators uniformly disposed in azimuth
" in the core provide better stabilization than do four regulators under the same conditions. One naturally there-

fore disposes the four regulators in such a way that one is at the center and the other are uniformly placed in
the core. A local control system using this principle does not stabilize a reactor that in unstable without a con-
trol system on more than three harmonics. I we introduce asymmetry into the peripheral control and mea-
sturements components, we get a system that can stabilize six unstable harmonics. The local-variation method
gives' us the search sequence (Fig. 1). In this case the central rod is coupled to four transducers. As we have
seen above, the variations in 64y and §; are nominal. The final point has coordinates r;~ 0.65; r{;~0.7; 611~
61 =1.1; ryi~ 0, where r,j is the radial coordinate of a transducer coupled to the central rod.

Curve 3 of Fig. 2 shows the change in the amplitude of the zeroth harmonic for o =20, Aj=30,1=1,2,3,4
in the perturbation of (11); the transient response is in no way inferior to that shown in curve 2 of Fig. 2. The
deviation in the amplitude of the zeroth harmonic maximum in modulus is less for the system with four regu-
lators than that for three. The following feature is also implied by this study: if an unsymmetrical system is
to be constructed with a rod at the center of the core, it is recommended that an odd number of regulators

should be arranged at the periphery. Although in this study we considered one transducer per rod, all the qual-

itative results apply for a larger number of transducers coupled to a rod, and so does the method of defining
the optimum structure. -

, Conclusions. An automatic control has been synthesized for a two-dimensional reactor by a combination
of the zoning and asymmetry principles, in which the reactor is split up into zones with spatial dispersal of the
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means of measurement and control in each zone, which improves the control characteristics. Complete utili-
zation of all the favorable features of such a system requires optimization of the mutual d15p051t10n of the
transducers and rods in the zone.

This method of defining the optimum eonfiguration by computer provides satisfactory working perfor-
. mance in the control system not only as regards stabilization but also as regards transient response.

The unsymmetrical-zone automatic control with three regulators.constructed in this way can stabilize a .
reactor unstable without a control system on five harmonics. There is also satisfactory transient-response
performance as regards control time and stabilization of the total power.

I an unsymmetrical control system with a central rod is being designed, it is desirable to place an odd
number of rods at the periphery, which considerably improves the stabilizing performance of the control sys- .
tem, ' ' '

This approach can also be used in synthes1z1ng control systems for the energy d1str1but10n in the volume
~ of the reactor.
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OPTIMIZATION OF PLASMA PARAMETERS
IN A HYBRID REACTOR-TOKAMAK

A. S, Kukushkin and V. I. Pistunovich UDC 621.039.6

In recent years numerous calculations have been made of the parameters of a thermonuclear reactor-
tokamak [1, 2] which mainly involve a parametric analysis of systems rather than closed models of a reactor.
The current lack of a reliable model for computing the plasma parameters is due to ignorance of the behavior
of plasmas in reactor regimes. However, available information makes it possible to derive several important
conclusions about the optimum values of the plasma parameters in a reactor,

In this paper we present data on the optimum dimensions of a reactor and on its operating regime using
simple energy and particle balance equations for the tokamak plasma and employing numeridal calculations
made with the aid of the extended plateau model for the ion thermal conductivity [3, 4]. The effect of bumpiness
in the toroidal magnetic field on the plasma energy balance is also examined.

Optimum Plasma Dimensions for a Hybrid Reactor-Tokamak. We shall consider as an example a tokamak
with a circular plasma cross section of radius a, a blanket of thickness dp, toroidal magnetic field coils of
thickness d., and a divertor layer dd. The thickness dy is determined from the conditions for protecting the
magnetic system from neutron and secondary radiation. In most designs for hybrid reactors, dy~1.4 m [5] and
depends very weakly on the power and size of the device. Thus, the minimum radius ¢ is determined purely by

, Translated from Atomnaya Energlya, Vol. 47, No. 6, pp. 374-377, December, 1979. 0r1g1na1 article sub-
mitted February 14, 1979
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economic considerations: for a <dp, the toroidal magnetic field will be used inefficiently and the economic via-
bility of the system is reduced We therefore obtain a=dp~1.4 m.

The aspect ratio A R/, where R is the major radius of the plasma, can be determined from the condi-
tion on the duration of the current in the plasma due to the change in the magnetic flux passing through the cen-
tral part of the torus which is free of magnets, A® =27R3B; (V-sec). The factor 2 means that magnetic rever-
sal of the inductor is used and Rg=R —q —dg — dp — d¢ — dj (where dj and Bj are the thickness of the inductor
winding and its magnetic field, respectively). When a=1.4 m we have A=R/z=4. The upper bound on A is the
maximum allowable plasma pressure: )

B
CP=2TY @

‘wherenand T ar’é the density and temperature of the plasma; ¥ is a coefficient in units of 87{8g=(RA@)N; q'is

the stability (safety) factor of the plasma colume; B, is the magnetic field on the axis of the torus. When a is

“varied from 1 to'5 m, A changes from 5 to 3.

For the next calculations we write the energy balance equation for a plasma of volume V:
3nT

V= Pyt @SEa—Bog. @

Here TE is the energy lifetime in the plasma; P, is the power delivered to the plasma; ¢ is the flux of thermo-
muclear neutrons per cm?; S is the surface area of the reactor chamber; E,=3.52 MeV; P,,q is the power loss
due to radiation,

Substituting Eq. (1) in Eq. (2) and using the fact that 7g =a2'ro, we obtain
‘ 3 J Po—Prad . ) -3

=7V *Aatolig SEq

We define the power gain coefficient of the plasma, Q, as the ratio of the thermonuclear power to the input

0 =S (By/ Py, . )
where Ey, =17.6 MeV,
It is clear from Eqgs. (3) and (4) that the basic plasma characteristics ¢ and Q of a hybrid reactor at

which the maximum allowable plasma pressure (1) is obtained are fairly simply related to the plasma size.
Thus, for all other conditions the same, ¢ decreases as q is increased, while Q remains constant in systems

~ with Py=const. Only under conditions close to ignition of a thermonuclear reaction does Q increase due to a

reduction in Py. This result was obtained previously in [1]. For hybrid reactors Q< 5 and is practically inde-
pendent of a.

Therefore, to obtain maximum neutron loading on the wall, a hybr1d reactor must have a minimum sizea;

- very good plasma confinement is not required since ¢ decreases as 7 increases. There is, however, a mini-

mum value of the confinement parameter nry, below which a fairly large injection power is required to reach

‘thermonuclear temperatures and ¢ decreases due to the growth in P,

The above discussion and the numerical calculations [3, 4] of the plasma energy balance in a hybrid reac-
tor using the extended plateau model lead to the conclusion that the optimum size ¢ must be chosen on the basis
of economic indices for the reactor as a whole; that is, a~ dp~ 1.4 m, At the present time there is sufficient
basis to hope that thermal conductlon processes in a reactor plasma will not require a significant enlargement

~ of the minor radius.

.- Effect of Long-itudinal Bumpiness in the Magnetic Field on Transport Phenomena in a Tokamak. One-
dimensional calculations of energy and particle transport in tokamaks are based on averaging the transport
coefficients over the magnetic surfaces, The customary neoclassical and classical coefficients are calculated
assuming that the system has azimuthal symmetry (for example, [6, 7]). In that case the inhomogeneity of the
magnetic field on the magnetic surface along a major circumference of the torus is neglected,

In fact, the toroidal magnetic field is created by a set of coils and is naturally inhomogeneous along the
magnetlc axis. This inhomogeneity (bumpiness) causes additional trapping of part of the ions in the plasma.
The ions that are trapped in the bumps do not "feel™ the rotational transform of the magnetic field and escape
to the chamber walls due to toroidal drift. Collisions knock particles out of this state and inhibit their escape;
thus, the contribution to the transport coefficients due to capture of particles in the magnetic field bumps is
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Fig. 1. The effective reduction in
the transport coefficients corre- -
sponding to the field bumpiness when
the toroidal inhomogeneity is super—
imposed. .

reduced as the colhslon frequency is increased. Diffusion and thermal conduct1v1ty coefflclents of this form
were apparently first derived by Connor, Hastle, and Taylor [9];

D=4.348ve (e flfR) :

()

i \2
. 4 ¥V 2anetln A - . ' i '
where ' T T Varan is the collision frequency (here all units are taken in the cgs system; Ty
and T, are the ion and electron temperatures; m; is the ion mass; e is the electron charge; ¢ is the speed of
light; n is the plasma density; and, In A is the Coulomb logarithm); 6 is the amplitude of the bumpiness in the

magnetic field; and, ve4 is the electron—ion collision frequency.

Two effects which reduce the effective depth of the field bumpiness and thus reduce the transport coeffi-
cients (5) were pointed out in [8, 10-12]. The first, examined by Stringer [11], consists of a reduction in the
effective depth of the bumpiness when the toroidal inhomogeneity of the field is superimposed. In [8, 10, 12} a
reduction in the transport coefficients due to nonparallelism of the longitudinal field coils was also taken 1nto
account,

Since the transport caused by the bumpiness in the field depends strongly on the value of §, which falls
toward the center of the plasma column, it is important to know the behavior of 6(r) at the edge of the column.
The final expression for the transport coefficient is

T2 ' : . ©)
Ai==4TA07 8 (1) L J (a), cm¥sec

BRI
(here and in the following T is measured in eV, B in kG, R in cm, and n in cm™3) by analogy with Eq. (5), in
which 6 must be replaced by 4(r) and the factor J(a, ) must be included, where

J (o, p)= \ fi2(a, 0) exp ( —i“—(t) blnzede @

where a = a(r, 0) =& oxp (#0%/n) /gN8 (r) =a exp (n02/n); 6 is the angle; N is the number of windings around
the minor circumference of the torus; and, e=r/R. The value of p is determined from calculations of the mag-
netic field for a given device. The function J(a, p) [12] is plotted in Fig. 1. K is clear that the effective reduc-

" tion in the depth of the bumpiness upon averaging over the magnetic surface may cause a reduction in the trans-

port coefficients by more than an order of magnitude. In our calculations &6(r) was given by the expression

11 (0.7 Nr/R)
8 (r) T 07 Nall)*

where I; is the modified Bessel function, N=16, and 4 =2.4. This form of ékr) was chosen by analogy with the
calculations for the T-10 tokamak [13] (which has circular coils)., The thermal conductivity )(1 corresponding
to the bumpiness of the field is added to the coefficient xPl for the extended plateau model [3, 4] to yield

x-=-x1 o5, W =17.310%7T3°/ RB2. ®)

Here ¢ is the "optimism coefficient® of the model (the diffusion of the plasma was not examined and the plasma
density was assumed to be distributed parabolically). Naturally, in the central region of the column 47 « % ¥P,
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Fig, 2, The radial distribution of the transport coefficients T (=), xPZ (—=) and of
the temperature Tj (—°—) for £=10 and 6=0.05 (a); 0.01 (b); 0.005 (c)

Fig. 3. The variation in the neutron flux ¢ to the wall of a reactor, in the energy life-

~ time TEj» and in the "neoclassical® lifetime Tneo (without bumpiness of the field) for
R=4m,a=1m, By=6 T, £=5, Py= GOMW Ey= 400 kev [Tj(0) is the ion temperature at
the center of the plasma column]. '

- while at the edge they are comparable ahd the bumpiness may cause a significant deterioration in the plasma
parameters Figure 2 shows the radial distributions of the ion thermal conductivity due to the bumpiness of
the field, x (6), and in the extended plateau model, xP (8). It is clear that for ¢= 10 the change in the ampli-

~ tude 6 of the bumpiness from 5% to 0.5% causes a quahtatwe change in the nature of energy release to the wall
of the reactor. I in the first case the losses are controlled by the bumpiness of the field, then for 6=0.5% the
bumpiness practically has no effect on the energy balance of the plasma.

Figure 3 shows the dependence on & of the energy lifetime of the plasma and of the neutron wall loading
in a reactor with R=4 m, ¢=1 m, By=6 T, and a plasma current [=2,5 MA, while Fig. 4 shows the same
dependence on {. It is clear that in the case of large £(¢=5) for 6=0.01 (i.e., a bumpiness of depth = 29 at the

outer edge of the plasma column) the energy lifetime and, therefore, the economic viability of the reactor, are
determined by the bumpiness in the field.

Figure 5 shows the dependence of the energy lifetime of the ions TE; On the ion temperature at the axis
of the plasma column when the bumpiness of the toroidal field is taken into account (6§=0.01) and when it is
neglected for various values of the parameter ¢{. It is clear that in all cases of practical interest (£=2) the
amplitude of the bumpiness 5=0.01 has a significant effect on the behavior of the plasma. Thus, in designing
a reactor-tokamak the bumpiness of the toroidal field must evidently be no larger than + 1% in order that the

- plasma confinement time should be sufficiently large.

Extended Plateau Model for Designing a Reactor-Tokamak. In [3, 4] the authors have used the so-called
extended plateau model for the ion thermal conductivity [Eq. (8)]. Compared to the other models for the plasma

part of a reactor-tokamak, the extended plateau model is the most pessimistic. However, a number of impor-
- tant resuits have been obtained with its aid.
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Fig. 5. The dependence of the ion energy life-
time of the plasma “’E on the ion temperature
at the center of the plasma column taking the
bumpiness into account (——) and neglecting
it ( ) for various values of ¢ when 6=0.01,

It seems that for determining the parameters of a practical reactor (thermonuclear neutron flux at the

first wall of ¢ ~5- 1013 neutrons/(cm *sec), Q=4) an "optimism coefficient™ of £~ 3 is sufficient. It follows
from this that in the case of the best plasma confinement it is possible to obtain larger values of Q by reducing

the injection power. However, for a given plasma pressure the neutron flux to the first wall will not increase.
Thus it appears that at present the most important problem for the reactor- tokamak is to obtain the maximum
possible values of ﬁ X (2nT/B3) 8n where B, is the magnetic field produced by the discharge current. In our
calculations it was assumed that {59 ~ (R/a) ¥, where 7 is the elongation of the transverse plasma cross sec-
tion. In this case the value of § along the toroidal field is § =~ ay/Rg®* and equals a few percent. Calculations
show that for Ps < (R/a)y it is difficult to construct a hybrid reactor-tokamak of practical interest since then
Q<5 10%% neutrons /icm?* sec) and Q <4.

Another important result of our calculations is that prolonged operation of a reactor (about 900 sec) is
impossible without intense pump-out of helium ions and fuel. Otherwise the thermal and neutron loading on the
system structure will occur in pulses with a time constant of 20-30 sec. Whether a reactor can operate for a
long time (about 10 years) in a short pulse (about 50 sec with a pause ¢5 sec) regime is difficult to anawer -
today; however, an increase in the number of working pulses by an order of magnitude may change the situation
qualitatively by placing insoluble technical problems in the way.

Conclusions, The basic results may be summarized as follows:

There is an optimum plasma size for a hybrid reactor-tokamak which is apparently determined by the
thicknesses of the blanket, magnetic coils, etc., and therefore, by the economic indices for the system
- as a whole. .

Further progress in the development of a reactor-tokamak depends to a great extent on the achievement -
of the maximum pressures at which the plasma remains stable,

A hybrid reactor-tokamak presupposes the existence of powerful devices (for example, a divertor) for
efficient removal of helium and fuel ions from the reactor volume and for protecting the plasma from
impurities.

In designing a reactor-tokamak it is necessary to ensure that the bumpiness in the toroidal magnetic field
not exceed = 19, :
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SIMULATION OF NUCLEAR-FUEL SOLVENT-EXTRACTION
REPROCESSING | B o

7. SEPARATION OF MACROSCOPIC AMOUNTS OF PLUTONIUM AND URANIUM
BY DISPLACEMENT REEXTRACTION OF PLUTONIUM IN REPROCESSING -
FAST-REACTOR FUEL (SECTION 1)

E. V. Renard and M. Ya. Zel'venskii - _ UDC 621.039.59.001.57

Formulation. The fuel in the core of a fast reactor produces a great deal of heat, which leads to special
design features in the fuel assemblies, and this leads to'complexity in fuel-rod exchange in the central zone,
so the best approach to fuel reprocessing may be joint processing at the desheathmg and dissolution stage
apphed to fuel from the end shield and the core [1, 2].

The purpose of reprocessmg fast—reactor fuel is to produce m1xed uranium—plutonium fuel for reload-
ing, which requires partial or complete separation of the uranium and plutonium with the object of ultimately
producing a uranium=plutonium mixture with the ratio required for fabricating core fuel pins (for example,
U:Pu=3:1). Several methods can be used to separate the uranium and plutonium: chemical or electrochem-
ical reduction of the plutonium, reextraction of Pu(IV) inweakly acid solutxon, reextraction of Pu(IV) by the use
of complexing agents, and displacement reextraction of Pu(IV) by saturating the extract with the readily ex-
tracted U(V) [1]. The latter method appears extremely promising [3] because it does not involve the use of
salts and is rapid. The only reagent used is the uranium produced in the scheme as the reextracted solution.

. Here we examine displacement reextraction applied to the reprocessing of fast-reactor fuel. It is neces-
sary to establish the scope for producing the uranium (the uranium extract) adequately free from plutonium and
the plutonlum (plutonium reextract) with the appropriate amount of uranium (or less), which means that it is
necessary to establish the working parameters in this separation. A study is performed by simulation on a
‘model with the algorithm of [4].

Calculations and Discussion. We examined the process in a multistage system with two inputs (Fig. 1).
The calculations were based on a program that describes the dynamics of the process, and the calculations
were carried through to the exit from the stage in the steady state (999 in each component). The main results
from the simulation are the concentrations of uranium and plutonium in the outgoing water reextract X‘E}lt and
X%ut for which we calculate the ratio [U/Pu] U“"/XOut together with the concentrations of uranium and plu-
tonium in the outgoing extract Y t and Y , from which we determine the coefficient for elimination of plu-
tonium from uranium K=Y} Y‘(’J“t/Y0 You , as well as the extraction of plutonium into the reextract r=(1-—

Translated from Atomnaya Energ1ya, Vol. 47, No. 6, pp. 377-381, December 1979. Original article sub-
" mitted March 26, 1979,
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Fig, 1. Scheme for displacement reextraction
apparatus; symbols for flows and concentra-
tions (1...N are the numbers of the stages).

Yf;‘lllt/YOPu) *100% and the content of plutonium in the uranium S= (Y%%VYY}“) -10° pg Pu/ kg U. The assumulation
of plutonium within the system was determined as the ratio of the maximum plutonium concentration in aqueous
phase to the concentration in the outgoing reextract (M= XE@X/XOP‘:}). We varied the working parameters that
influence the separation performance: the concentrations of uranium and nitric acid in the reextraction agent
X%, X}NoO., the number of stages N, the water phase flow L or the ratio of the flows (the flow of the initial
organic soi’ution V® was taken as 1 in all the states), and the composition of the initial organic solution for sat-
uration of the 30% TBP with respect to the sum of the metal with a constant ratio Yj§;: Yh,=10: 1. '

We consider the effects of each parameter on the process characteristics.

Effects of Reextractant Acidity. The calculations were performed for the following conditions: N=10
and 15; X{;=80 and 100 g/liter; L=0.5 (n=V/L=2.0); Y}, =70 g/liter; Y}, =7 g/liter; YHNo,=0.24 M; the
nitric acid concentrations in the input reextractant were 0.1, 0.3, 0.5, and 1.0 M. Figure 2 shows the results
(the situation of the initial organic solution was 64% in the sum of the metals and L/V=0.5).

. When the acidity is low, one can get hydrolysis and polymerization of the Pu(IV), so X(I){NO:,: 0.1 M is not
appropriate from this viewpoint, although low acidity favors fuller reextraction of the plutonium.” On the other
hand, excessively high acidity (1 M and above) does not provide proper reextraction of the plutonium and leads
to the formation of a plutonium peak (for example, X(I)-INO =4 M, M=8.0). Figure 2 shows that increasing the
acidity improves the [U/Pu], ratio, but at the same time it adversely affects the purification of the uranium
extract from plutonium. An applicable acidity is 0.3 M (one should then have N= 15, X%z 100 g/liter, n=2.,0).

Effects of U(VI) Concentration on the Reextractant. This relationship was derived by calculation for an
18-stage extractor with X%I 0, 0.3 M, L=0.5 and with either 649 saturation of the initial organic solution in
the sum of the metals (Y‘,’J=I\%03g/liter, Yby =7 g/liter, Yino.=0.24 M) or 82.5% saturation (Y};=90 g/liter,
Y%,u=9 g/liter, Yg—INO =0.17 M), The values of X% were 80, %5, 90, 95, and 100 g/liter, which corresponds to
typical U(VD level in hot weak-acid reextraction from 30% TBP solution. Figure 3a shows S and [U/Pu.]x for
the 64 and 82.5% saturation levels (numbers on curves). Clearly, 64% saturation produces satisfactory* puri-
fication of the uranium extract from plutonium when X%J- is reduced from 100 to 85 g/liter, but already at X‘[’J=
80 g/liter we get considerable retention of the plutonium in the extract. The ratio [U/Pu)4 varies only slightly
as X‘I’J is varied, and it remains at the level 2.9-3.1,1 which is acceptable, At 82.57 saturation, the U(V]) con-
centration in the reextract is roughly double, while the content of plutonium in the reextract is increased by
about a factor 1.3, which very adversely affects the [U/Pu]y ratio, which rises to about 4,5. The composition
of the uranium extract is then largely unaltered, and the uranium remains reasonably free from plutonium.
Therefore, a U(V] concentration in the reextractant in the range 85-100 g/liter is acceptable. ’

Effects of Number of Stages. This was examined for Xy =90 g/liter; XOHNO =0.3 M; n=2.0; Y%=70
g/liter ; Y°Pu= 7 g/liter and Y%N03=0.24 M; the numbers of stages were taken as Y0, 15, 18, 20, and 25, ie.,
within the range usually employed for a single reprocessing cycle for nuclear power stations. Figure 3b shows
the results.

*We have taken as an acceptable level of plutonium in uranium $=100 pug Pu/kg U.

tIt is desirable to produce a U—Pu product with a proportion of plutonium exceeding the maximum necessary
for making the fuel for the core with any enrichment, since the U— Pu mixture can be adjusted to the exact ratio
at the solution +solution level by the use of depleted uranium. Here we have assumed that an acceptable value

is [U/Pu]y, =3,
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Fig. 2, Content of the plutonium in uranium (solid line) and [U/Pu}y ratio (broken line) as
functions of the acidity of the reextractant for an extractor with: a) 10; b) 15 stages (the
numbers on the curves are X{; in g/liter).

. Fig. 3. Plutonium content of the uranium (solid line) and [U/Pulx ratio (broken line) as func-
tions of: a) uranium concentration in the extractant for N=18, L/V=0.5 X? =0.3 M; b)

i 0 2 Q0 HN03
number of stages in extractor for X{;=90 g/liter; XHN03=0.3, and L/V=0.5,

It is clear that increasing the number of stages has virtually no effect on [U/Pu}y, but it does substantially
- improve the elimination of plutonium from the uranium. In our case, each stage improves the purification by
about a factor 2.5, i.e., the plutonium content of the uranium at the output from a N-stage unit with 64% sat-
uration of the initial solution is ~5 - 10%2.5(N-10) kg Pu/kg U. Clearly, an 18-stage extractor under these con-
ditions provides not only the required [U/Pu]y, which is largely independent of N, but also satisfactory purifi-
cation of the uranium (S <100 ug Pu/kg U); 15 stages is inadequate for reliable elimination of the plutonium
from the uranium under these conditions. More than 18-20 stages may be undesirable, since this increases

not only the capital costs but also the amount of plutonium held up in the system, which is disadvantageous for
emergencies.

Effects of Flow Ratio, The flow of the aqueous phase is the most readily controlled parameter, and it is
therefore very important to know how the separation is affected by the flow ratio, Figure 4 shows calculations
for displacement reextraction of plutonium from the organic solution with 649 saturation (Y%= 70 g/liter;
Yh, =7 g/liter and Yo, =0.24 M) for a water reextractant having X}iNo, = 0-3 M and X{;=80-100 g/liter in an
extractor with 15-20 stages for L of 0.4 and 0.5. Clearly, the process parameters are unsatisfactory for L=
0.4, and then neither increasing the number of stages (from 15 to 20) nor increasing the U(V]) conceéntration in
the reextractant (from 80 to 100 g/liter) has any appreciable effect (IU/Pu]y =2.62 and S=1.8 107 pg Pu/kg U),
However, with L=0.5 the same change in the process parameters does produce a substantial improvement: an
increase in N from 15 to 20 does not alter {U/Pu], but reduces the plutonium level in the reextract from 3800
to 540 pg Pu/kg U (with X°U=80 g/liter) or even from 425 to 5 pg Pu/kg U (with X};=90 g/liter); with N=18, an
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Fig. 4. Plutonium content of uranium (solid line) and {U/Pu]x ratio (broken line) as functions
of : a) number of stages in extractor (the numbers on the curves are the uranium concen-
trations in the reextractant); b) uranium concentration in the reextractant (numbers on the
curves are the number of stages in the extractor) for L/V of 0.4 (lines 1 and 2) and 0.5.

Fig. 5. Plutonium content of uranium (solid line) and [U/Pulx ratio (broken line) in relation
to flow of reextractant for saturation levels in the sum of the metals in the initial organic solu-
tion of: a) 64%; b) 82, 5%.

increase in X%J from 80 to 100 g/liter increases [U/Pu]x slightly (from 2.86 to 3.1) but greatly reduces the
amount of plutonium in the uranium (from 2700 to 2.5 ug Pu/kg U). The same picture is observed for N=15
and 20,

Therefore, the most readily controlled parameter (the flow of aqueous phase) is also a maJor control
parameter; this was confirmed by calculations on an 18-stage system with X =90 g/liter and XHN03 0.3, 0.5,
and 1.0 M (numbers on the curves) for other saturation levels in the initial organic solution (77 and 99 g/hter
for the sum of the metals) and variable values for the aqueous flow (Fig, 5). '

An increase in the flow of the reextractant results in a certain rise in [U/Pu]x but a sharp fall in the level
of plutonium in the outgoing extract. The uranium content of the outgoing organic flow (i.e., the saturation of
the extract) is almost unaltered. The uranium concentration in the reextract increases with the water flow,
while the plutonium concentration passes through a small peak and falls, and the plutonium peak within the ap-
paratus completely vanishes (i.e., the nuclear hazard of the process is reduced as well as the possibility of
formation of a second organic phase)

Here we must note thatthe S—L and [U/Pu]x— L curves are steep; at 64% saturation with XHN —0 3 M
we can attain [U/Pu]y =3 only provided that L=0.5; for =100 ug Pu/kg U we must have L= 0.485. ﬁoth con-
ditions can be met together if 0.485 < L<0.5, which is clearly a very narrow range for the permissible flow
fluctuation, and would be difficult to implement on a large scale. Figure 5 shows that for any given choice of
the initial parameters (i.e., the concentrations of the components in the flows of organic and aqueous solutions)
there is one value for the flow ratio that results in the required characteristics in the outgoing flows.
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Conclusions. These data have been obtained from simulating displacement reextraction in a system with
two inputs. (system for reprocessing a fast-reactor fuel), and they show that it is possible to obtain a uranium
extract with not more than 100 ug Pu/kg U in a countercurrent system with 18 stages to provide partial sep-
aration of the uranium and plutonium by reprocessing of an organic solution containing U+ Pu (10 : 1) with 649,
saturation in the sum of the metals to produce reextract containing plutonium with U: Pu=3 and over 99,999
_ extractlon of the uranium; this requlres 90 g/liter of uranium in the reextractant and the parameters n=2.06-
2.00 (XHNO =0.3 M); n=1.82- 187(XHN0 0.5 M); n=1.61-1.78 (X}jNo,=1.0 M.

* Full data obtained from the simulation are to be found in [5], from which one can extract the parameters-
of the working state of the extractor and other data on the separation of uranium and plutonium, e.g., for other
specifications for the plutonium level in the uranium. The next part of the present study will be concerned

. with engineering solutions that can extend the range of conditions that provide the appropriate output param-

eters within specified ranges and thereby improve the reliability in operating the process in the optimal region.
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LINEAR COEFFICIENT OF THERMAL EXPANSION OF GRAPHITIC
MATERIALS

P. A. Platonov, O. K. Chugunov, UDC 536.41:620.179.15
. V. I. Karpukhin, V, N, Kuznetsov, g
8, 1. Alekseev, and V. P. Golovin

Thermal Expansion of Graphite. A characteristic feature of formed graphitic materials is the large dif-
ference between the expansion of the crystal lattice and the macroscopic thermal expansion which results from
~ the considerable porosity of these materials. The thermal expansion of reactor graphite is also anisotropic
and strongly temperature dependent. The anisotropy of the coefficient of thermal expansion (CTE) arises as
a result of the corresponding orientation of anisotropic granules (particles) of the raw materials (coke) which -
-develops during the forming process (extrusion or molding). The degree of this anisotropy depends on the pro-

perties of the raw material, the size grading of the mixture, the type and amount of added binder, the number
of successive impregnations, the method of forming, etc. (Tables 1 and 2).

When the graphitization temperature is increased from 1000 to 2000°C, the CTE of reactor graphite in-
creases somewhat, but decreases rather sharply when the temperature is increased further (Fig. 1). This
characteristic dependence of the CTE on processing temperature is observed for all domestic and imported
reactor graphite. The observed regularity in the change of the CTE of graphite can be accounted for only by
the change in the magnitude of the CTE of the crystallites themselves in the heat-treatment process, or a
change of oriented microporosity,

Table 3 shows that the CTE of pyrographite does not change appreciably when the processing temperature
is increased from 2100 to 3200°C. Consequently, the largest effect on the CTE of reactor graphite comes from
its microporosity, or more accurately the technological cracks formed in it (Mrozowski cracks between the
crystallites parallel to the basal planes [8]) which partially compensate the expansion of the crystalhtes along
a hexagonal axis and thus diminish the total CTE of graphite (cf. Fig. 1).

Translated from Atomnaya Energlya, Vol. 47, No. 6, pp. 382-386, December, 1979. Original article sub-
mitted October 23, 1978; revision submitted April 9, 1979,
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TABLE 1, Structural Parameters and Anisotropy of Thermal Expansion of Various Grades-
of Reactor Graphite

, Perfection of structure Dimensions of crystal Anisotropy
Grade of  |degree of |disorder degree of Sl - ’-
graphite gragphitiza- coefficient tng‘}mz/-'}’ I A I, & (Too2) | {T002) g @1 /%5)00°G "~
tion'y of layers, P |00 Y112/ Jue .
\,
GMZ 0,81 0,36 0,38 210—230 1000 1,26 1,27
(Lot 120) :
‘REM»KP 0,79 0,39 0,58 190—230 | 710—730 1,06 1,26
RBM#K 0,76 0,42 0,63 | 210-230 S5T0—640 . 1,23 1,29
VPG 0,7 0,48 0,57 190—230 400—730 | 1.18 ‘ . 1,27
PGG ' 0 69 0,50 0,33 190—210 860—920 09| 0,9

Note: ¥=(3.44 — d)/(3.44 — 3.354); d mean interlayer spacing, related to the dxsorder co-
efficient of the layers by the expression d=3.44 —0.86(I— P) — 0. 064(1 P); Jy12,110,002 aTe
the intensities of the correspondmg x-ray lines, S

' TABLE 2, CTE of Varlous Grades of Reactor Graphlte

- 1076, deg‘l . .
Grade of graphite 20°C . 200°C 400°C 600°C 800°C
’ - ay | ay a |ay | ey oy Jay | wy ] e |ay | ay % | &y ' oy o,
GMZ 39!51]1451]|46!509/)164]51]6,5[181]53]|¢6,8]|1489![59]6,9]19,4
KPG 6,11 57 117,516,8} 6,4 119,61} 7,2} 6,9 |21 76| 7.2 (22 [|9,9] 7.5 22,9
) RBM-K 2,8 4,4t 11,613,852 |14,1]4.4] 57.115,8]4,8] 6,0 |16,8{5,1} 6,1 17,3
RBM-KP 3,5! 4,6 |1 12,7|4,5]| 5,7 {15,9| 4,8} 6,4 | 17,3 5,3 6,5 | 18,3} 5,4 | 6,7 | 18,8
VPG 3,4] 50 |13,6]4,3] 5,6 |15,5]4,8] 6,1 |17 5,41 6,3 | 17,7 _,5,3 6,4 | 18,4
TABLE 3. Dependence of CTE of Pyrographite on Thermomechanical Processing
@ 10-9, deg'1
Processing temperature : 200°C : 400°C §00°C 800°C
of pyrograpl'ute, c | %, @, l x, [ a, [ %, @, I o, | @, % o, @,
- . | -
2100 0 25 25 0,6 25 26,2 1,2 |27 29,4 1.5 27 30
2400 —0,5 29 28 —0,1 29 28,8 0,6 |30 1,2 0,6. 30 31,2
2800 —0,7 28 26,6 0 30 130 0,6 31 32.2 1,0 3t - 33
3200 —0,5 27,5 1 26,3 0 28 28 0,5 28 29 | 0,9 31 32.9
Single crystal —0.85 | 27,9 | 26,2 0 28,3 1 28,3 0,7 28.8130,2] 0,95 |29,3]31,2

The character of the change of the CTE of graphite as a function of the processing temperature (and a
comparison of the changes of the CTE with changes in other properties in Fig. 1) once again confirms the con-
clusion that the formation of a three-dimensional structure of graphite in the graphitization process begins only
at a temperature between 2000 and 2100°C. -

The'temperature dependence of the CTE of graphite blocks of the RBM-K reactor is shown in Fig, 2a,
Research showed that the CTE of all grades of graphite increases rapidly up to a temperature of ~100°C, and
then its rate of change decreases sharply, This temperature dependence of the CTE is characteristic of prac-
tically all domestic and imported reactor graphite. ‘

Calculation of Thermal Strains of Reactor Graphite Using a Single-Phase Model. The development of
-representations of the relation of microscopic and macroscopic thermal expansion of graphitic materials {7, 10]
led to the creation of a semiempirical model of the thermal expansion of polycrystalline graphite in which the
difference between the values of the thermal expansion of the lattice and a graphite monolith is explained by the
presence of a special kind of porosity ("nonremovable porosity™ in Mrozowski's terminology) arising in the
cooling of graphite from the graphitization temperature (2300 -3000°C) to room temperature, and amounting to
~8 vol. %.

In this model thermal expansion along the principal directions of a graphite block (oz” and ¢ _L) is related

to the CTE of its crystal lattice (ag and ac) by textural parameters which indicate the degree of preferentxal
orientation of the individual crystalhtes ‘

o =Aac+(1—A) s )
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Fig. 1. Effect of processing temperature on structure and physical properties of reactor.gra-
phite. Symbols on curves mark experimental points.

Fig. 2. a) Temperature dependence of linear CTE (oz“ and a,) of RBM-K reactor graphite
and b) corresponding variations of textural parameter A for various grades of graphite:

—=—=) CTE calculated with constant A and B; @) CTE calculated with A and B depending on
temperature of measurement.

Va.l. = Ba;+(1 —B)ag, 2)

where A and B are dimensionless parameters.

_ In general these parameters are determined from Eqs. (1) and (2). However, at a temperature of 400°C
the coefficient o, is zero, and the expressions are considerably simplified. In this case
. ' ’ 3,4
A= (';ﬂ) 400° C‘a'r;dB.—_‘(:%) 400°C. G, 4
Thus, by measuring the CTE of reactor graphite in two directions (o ||and a,) at 400°C, and knowing o,
for a single crystal of graphite, the parameters A and B can be determined for any grade of graphite. Then,

knowing the values of these parameters, the thermal strain of graphitic products at any temperature can be
calculated from the following equations:

(+35), =4 () oo (2 @
() e (L), ?

where (i fT)” and (: AA;) are the thermal strains per unit change of temperature of polycrystalline
reactor graphite in directions parallel and perpendicular to the axis of formation of the product; (1/Lg)
{ALc/AT) and(1/L,) (AL 4/AT) are the thermal strains of a single crystal of graphite along hexagonal

axes ¢ and @, respectively.

» The parameters A and B were determined for various grades of reactor graphite under the assumption
that the CTE of a single graphite crystal () is zero at 400°C, and o =28.3"10"% deg™'. The results obtained
are listed in Table 4.

~
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TABLE 4. Textural Parameters A and B for - TABLE 5. Values of the Correction A(T)*

Various Grades of Reactor Graphite ] T
- T, °C A(T) T, °C A (E)
Grade of graphite - A B ‘ ] :
— 100 +0,012 900 —gyggg
0 200 +0,005 | 1000 —u, .
oMz P I ot 300 -+0,001 10 | —0,004
RBM-KP 0177 - 0,220 400 —0,u03 1200 Ea
vee . 0’170 o215 500 —0,007 1300 30,008
KPG 0’254 D024 600 —0,009 1400 40,007
PCA 0.4 o160 | 700 —0,010 1500 40,012
! i 800 —0,009 )
_ *For T >1500°C the correction A=0.016 for
. ' each 500°C,

Using the parameters found, the thermal strains for various grades of reactor graph1te were calculated
on a BESM-6 computer, using a special program. Up to 1000-1500°C the experimental and calculated values
agree satisfactorily (Fig, 2a), At higher temperatures, however, the difference between the experimental and
calculated values becomes larger, with the calculated values being smaller than the experimental for samples
both parallel and perpendicular to the cut.

To bring the calculated data into accord with the experimental it is formally necessary to increase the
values of the parameters A and B, An increase of A and B with the temperature of measurement also corre- =
sponds to the physical nature of the thermal expansion of polycrystalline graphite, since for large thermal
strains of individual crystallites the Mrozowski cracks close, and this must lead to an increase in the contri-
bution of ¢ to the total expansion of graphite and thus to the increase of parameters A and B.

A comparison of experimental and calculated data determined the temperature dependence of the peram-
eters A and B for various materials. Figure 2b shows the variation of A for RBM-K, GMZ, VPG, and KPG
graphite. Similar variations were found for parameter B,

| Since the temperature dependence of A and B is practicaliy the same for all grades of graphite investi-
i gated, including raw coke graphite, it is assumed that this behavior will be common to all materials.
|
|

In this case the temperature dependence of the parameters A and B will be expressed by the relations::
A=A, +A(T); ‘7)
B=8,4+A(T), )

: where Ay and Bol are the values of the parameters calculated from Egs. (3) and (4), and A(T) is a correcﬁion
which depends on temperature (Table 5).

Thus, the true values of o can be calculated in the 100-3000°C range. A companson of calculations with
experiments showed satisfactory agreement (Fig. 3a).

&

&

w +

N

 CTE (@ gg-4g90)210°5 deg™

A
12 16 20
F, 107! neutrons /et (E > 0.05 MeV) '

1

o
o

i}

Fig. 3. Effect of 1rrad1at10n on CTE of CSF reactor graphite [5] at the follow-
ing irradiation temperatures: O) 400-450; A) 500-550; @) 550-650; @) 650-750;
<) 800; A) 900; ) 950-1000; M) 1200°C.
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Fig. 4. Effect of irradiation on.CTE of various grades of domestic reactor g'raphitezb @,
@) o and &) of standard GMZ reactor graphite; O, #) RBM-K; ¢, 4) RBM-KP; A, A) VPG,

Fig. 5. Variations of CTE of graphites of various structures under high—temperatue irradi-
ation [6]: 1) gilsographite (Tjpy =950~1300°C); 2) molded needle-coke graphite (Tjp, =
1200°C); 3) impregnated needle-coke graphite (Tjpy =950-1200°C).
It should be noted that the laws obtained are the analog of the temperature corrections for finding aver-
ages of CTE of reactor graphite over a temperature interval [2].

The fact that the variation of A and B with the thermal strain of graphite is smooth rather than stepwise
indicates the gradual closing of technological cracks over a wide temperature range, Moreover, the calcula-
tions and experiments show that the complete closing of Mrozowski cracks begins only at 2500-3000°C when
the volume CTE of reactor graphite ay becomes approximately equal to the volume CTE of a single crystal.

In conclusion it should be emphasized that attempts have been made to calculate thermal strains of

" reactor graphite in other ways by introducing special accommeodation coefficients taking account of the closing
of Mrozowski cracks during heating of the material [1, 7]. However, calculations with this model did not give
any significant advantage over the Simmons thermodynamic model.

Change of CTE of Graphite under Reactor Radiation. An investigation of the effect of irradiation on the
CTE of individual crystallites (single crystals of graphite or pyrographite) showed that substantial changes in
the CTE occur only under low-temperature irradiation (Tipp <250°C); in this case the coefficient o is ap-
proximately halved, while o, increases and becomes positive. For a neutron fluence of ~ (1-2) - 102 neutrons/
cm? the CTE of these materials is hardly changed.

- When the irradiation‘t_emperature is increased, the CTE of single crystals is hardly changed, and the per-
fection of the original structure of the material (for pyrographite) has essentially no effect on the character of
the change in the CTE of these materials under either high- or low-temperature irradiation.

- The change of the CTE of polycrystalline reactor graphite under irradiation is considerably complicated
by the fact that the macrostructure of the material (relative orientation of individual crystallites, total volume
and distribution of pores, etc.) has a substantial effect. Technological factors (type of raw material, kind of
filler, method of forming, etc.) also have an effect. Since the factors enumerated frequently do not have a unique

effect, only the most general laws can be formulated for the change of the CTE of various grades of reactor gra-
phite under irradiation (Figs. 3-5),

The experimental data show that under low~-temperature irradiation (Tirr <250°C) the CTE of most grades
of graphite first increases somewhat, and then decreases to the initial value and even lower.

Under high-temperature irradiation the changes of the CTE of various grades of graphite are substan-
tially different in both absolute magnitude and sign. The most general conclusion seems to be that graphites

with a low initial o show an increase in the CTE when irradiated, while high-density isotropic materials with a
large @ show a decrease.
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The causes of th1s phenomenon have not. been explamed theoretlcally Clearly, while under low-tempera- .
ture irradiation radiation defects (small interstitial clusters of atoms and vacancies) play a decisive role in
the change of the CTE, strongly distorting the graphite lattice [9] and causing a change in the character of its
thermal expansion, under high-temperature irradiation characterized by enhanced distortion of individual
crystallites without substantial distortion of the crystal lattice itself, the macrostructure of the material
(porosity), its strength and ability to withstand large deformations of individual crystallites without violating
the integrity of the material begin to play a decisive role.
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TRANSPORT OF THERMAL NEUTRONS
FROM A PULSED SOURCE IN AN INHOMOGE.NE‘OUS
MODERATOR'WITH A LARGE CAVITY

Zh. M. .Dzhilkibaev and M, V, Kazarnovskii - UDC 539.125.52:621.039.51.12

A theoretical analysis of the transport of thermal neutrons from a pulsed source in a homogeneous
moderator containing a large cavity whose characterlsuc dimension is much larger than the neutron mean free
path in the moderator showed that although the asymptotlc damping law of the neutron current is far from expo- -
nential in such a system, under certain conditions, e.g., for weak absorption, there is a rather long period after
the neutron pulse when the damping of the neutron current in the moderator and at its boundary with the cavity
is close to exponential., By measuring the corresponding effective damping factor it is possible to determine
the neutron albedo at this boundary averaged over the angles of entrance and exit. In practice, however, in-
homogeneous sytems, in particular layered systems, are of special interest (a reactor channel, a borehole for
geophysical measurements, etc.). The present paper is devoted tc a theoretical analysis of the unsteady trans-
port of neutrons in such systems. : ’ '

Statement of the Problem and General Formalism. We consider a cavity surrounded by an inhomogen-
eous moderator within which a pulsed neutron source is located. We assume that the transport of thermal neu-~
trons in the moderator is satisfactorily described by the diffusion approximation, and that the neutron spectrum
in the moderator is Maxwellian with a temperature T equal to that of the moderator (the inhomogeneities of the
moderator distort the neutron distribution slightly at distances of the order of a mean free path). Then the neu-
tron density ¢(r, t) at point r at time t satisfies the equation* '

i)(p/(?t-——-i’V'(D v @) —ap;
¢(R, 1)=0; ‘ @)
_"'D’("o) @ (vg, ) =—D(r) v(r) V @(r, t)frmr, =J* (Ko, t)—J " (rg, 2); )

o

*A condition analogous to (3) is given in [1] for the exact kinetic equation,

Translated from Atomnaya Energiya, Vol. 47, No, 6, pp. 386-389, December 1979. Original artlcle sub-
mitted April 3, 1978; revision submitted May 3, 1979,
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Pl

Fig. 1. Schematic diagram of
vectors in Eqs. (7).

DO =(F g )yt HE= e o @

Here D(r) and a(r) are respectively the dlffusmn coefficient and the rate of absorption of thermal neutrons;
T (v, v) is the macroscopic transport cross section; Zo (¢, v) is thée macroscopic cross section for the absorp-

tion of neutrons of velocity v at point r; the symbol (...) denotes an average over the Maxwellian spectrum;
R is the radius vector to points on the outer extrapolated boundary of the moderator; r, is the radius vector to
the surface of the cavity; y(ry is a unit vector along the outward normal to this surface at point ry; I @y, t)
and J(ry, t) are respectively the neutron current densities at the surface of the cavity at point ry at time t
from the cavity into the moderator and vice versa, i.e.,

J* (l'o, t):—% S p,dQ {(‘P (l‘o, t*) Vyr— <2‘" ) ('P (rov t*)> }’4_']+ (l’o, t) (5)
_ oo
I (ry, 8) = 4 @ (r, 1) (U)T+ D (ro) 9’ (o, 1), | ©

where (Fig. 1) Q is a unit vector along the direction of motion of a neutron:

p=8v (r)); = —Qv(r3);

F=t—d(ry, vy 15=r+d(r, D); o)
Js (re, t) is the neutron current density in the moderator at point ry at time t emitted directly by the source.

We take the Laplace transforms of Egs. (1)-(7) with respect to t and denote the transform of a function
by a tilde. Then, taking account of the fact that

oo

} g dte M (r¥, %) = ( dte 7;1(?[1.:’ t—MJ — exp (__7‘ d (rys .Q)Ja(r*’ 1) (8
0 . ' -(; ‘ v . I "
- we obtain after some simplé calculations:
V(DVe)=(A+a)p; ¢(R, &) =0; (9)
4 - L 1 A, . a - - - .
O N5 D) (0 )k g | pa@{{vesp| —2LmBN G iy (10)
: n<0 ) ]

— <Htr (5, U)e\P[ —h d("m Q)J> @' (r, })i}: Ji (v M3

O+ico B (11)

y —1
J- (ro,t)lmv S dreMT* (r,, A)[ o~ M)
g—ioc
S A—e (g, N x) 2D (1) @ (r, M)
kirg, A)= TR n e (ry, M) = T et ‘ (12)

1 UM t /T A o Q. M
fir M= —— | nae o (vesp] —Ld(m, D), (U +8(0 & 2]

u<o
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" D T TR T e[ i ]y,

Analysis of Results. As in the special cases treated earlier, k(r,, A) is the ratio of the neutron current
densities from the moderator into the cavity, and from the cavity into the moderator at point ry under the con-
dition that over a long period of time these currént densities are proportional to exp (At). The quantity fas a
" function of A has an essential singularity at A=0 which contributes to a nonexponential asymptotic decrease of
J~ with time. However, as in the cases treated earlier, under certain conditions, e.g., for £«1, there is a
rather extended time interval during which integral (11) is determined mainly by a range of values of A close
to the negative root —A, of the equation

1/k (rg, 1) =Re[f(r,, M) - (14)

which has the smallest absolute value. Accordingly, in this time interval in the first approximation J* ~ exp
(-Agt). The neutron current density over the whole volume of the moderator will also be damped according to
a law which is nearly exponential with an effective damping constant A;. Therefore, knowing f(r;, A) and having
measured A, it is possible to determine k(r¢, —Ay). In general, however, the calculation of f(ry, A) is compli-
cated. It is considerably simplified when because of the symmetry of the problem @(ry, A) and &'y, A), and
consequently d, & D(rg = Dy, (g, v) = Z4(v), and f are independent of ry, and p*=p. Then f can be conveni-
ently written in the form » ‘

1) —= ﬂ AR ) /ve\p[_—d(g J> 1L 8F (M) o | . (15)
w0
0109 <y | i (gl o [~2a@]) 1 g (o[ —2a@]). 0O

p<

It is easy to confirm that for weak absorption (£«1) 5f() is negligibly small (~ &), This was shown in E

[2] for the special case of a spherical cavity in a homogeneous moderator. Thus, in the first approximation
f(A) depends only.on the moderator temperature and the shape and size of the cavity., In particular,* for a
spherical cavity [2] of radius rg and a cylindrical cavity [3] of radius re

1 .
Re|f]=1— I/n xs + 4 a— YL 11/51! 22 ¥$‘s(1,384...v—ln|xs|)—.._; an

*For plane geon%etry the corresponding series converges very slowly [4] and its analysis is hardly practical.
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Re[f]=1— VR Ic‘f'i- T~ ‘/n z3 (In| x| +O..262. N (18)
Zes = 2rcs holvg; vp = VTV ()2, (19)

where these equatlons are applicable for both homogeneous moderators and moderators whose properties
depend on the radius (e.g., layered moderators). By using these equations with the experimental value of A it
is possible to determine k(—Ag). o

- Although Eqgs. (17) and (18) were derived in the diffusion approximation, it can be shown that the nondiffu-
sion corrections are due mamly to the anisotropy of the neutron current from the moderator into the cavity
_and are small,

Calculation of Albedo for Layered Systems. We consider the calculation of k for the practically impor-
"tant case of layered systems with spherical and cy11ndr1cal symmetries, and just as before, we use the dlffll-
sion approximation. According to (12)

k0= [1— 2o (a, 'A)J/'[H ZU”" @ (R,,,x)]; : ©0)

(D(r A) = -——(a/ar)lnq)(r A)

where R is the radius of the cavity. For a system con31stmg of n layers of homogeneous moderator;, & (R, A)

~ " can be found by solving Eq. (9) in each of the layers and imposing standard boundary conditions (continuity of

D(r)<I>(r, A) at the boundaries between layers). In particular, for a two-layer spherical system

1 ) H'ﬁs‘e"p(_

(Ds(Hov }”):R—;_{-_T‘, " T ;
Thew L ) i)
1 D, _1. El_ —R,
" T(E" )_1,,, D, I, oth & I
s 1 (D D, 1 R—R, ’
R_,(D: )+, e
for a two-layer cylindrical system
| | | 1 Ky (Ry/L~Beli (Re/La) |
(Dc (Rm ;\r)"“ Lg KO(RO/LU)_HCIO(RO/Lo) ?

: o= Ky (By/Le) —vc Ky (Ri/Ly) . )
¢ LR L) TV T (Ri/Ly) ° 22)
) __ LeDy Ky (RyJLy) T (R/Ly)+ Ko (R/Ly) T4 (Ry/Ly)
Yo = Dyly Ko RalTa) Ty (RIL)— Koy (RIL) Ty (Ry/L)

where Do, Dy and Lo, L, are respectively the diffusion coefficients and diffusion lengths in the inner and outer
layers and Ry is the radius of the boundary between layers.

“As an example Fig. 2 shows graphically the albedo for a spherical system as a function of the thickness
(H=R; — Ry of the first layer of 11ght water. The second layer (of infinite thickness) is light water poisoned
‘with boron of densu:y PB=2. 6 mg/cm .
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MASS SPECTROMETRIC METHOD OF ISOTOPIC ‘
ANALYSIS OF XENON FORMED IN NUCLEAR FIS.S‘ION

Yu. A. Shukolyukov, Ya. S. Kapusta, ' UDC 539.173.8
and A. B. Verkhovskii ' ' '

The nuclides 1%7136Xe are formed in the fission of any nuclei by neutrons or charged particles. Isotopic
analysis of xenon may be of interest for both nuclear physics research and the solution of certain applied pro-
blems of nuclear engineering. In the present article we describe a procedure developed for the mass spectro-
metric investigation of xenon with a maximum sensitivity of detection of ~ 10~ cm?® (~ 10° atoms) of individual
nuclides. We used a reconstructed MI-1201 mass spectrometer, an analog-to-digital converter, and a univer-
sal Nairi-2 computer.

Extraction of Xenon from Solids. In order to separate xenon from materials of various compositions it
is necessary to produce a sufficiently high temperature in a closed volume with vacuum purity and a low xenon
background. A vacuum furnace (Fig. 1) is recommended for the complete separation of xenon from practlcally
any solid containing fissile nuclei. The heating element and shell of screens were located in a vacuum of 1078
mm Hg; the samples being investigated were first degassed at 10" mm Hg and 200°C for 5-10 h and then placed
in the working volume of the furnace —a molybdenum tube. The tube was first pumped out at 1900-2000°C for
2-5 h to ensure the removal of chemically active gases (hydrogen, nitrogen, carbon dioxide, organic compounds)
and xenon from the walls. The completeness of the outgassing of the tube was checked with the mass spec-
trometer by running dummy tests. After careful outgassing of the tube the backg'round of atmospheric 13Xe
did not exceed ~10~14 cm?® (~ 10° atoms).

In extracting fission product xenon from solids it is sufficient to'maintain the necessary temperature for
1-1.5 h in order to separate more than 90% of the xenon capable of migrating at the given temperature (in the :
500-2000°C range).

Separation of Xenon from Chemically Active Gases and Helium. The gases separated from the sample
under study are passed through a solid carbon dioxide (~78°C) cold trap 4 (Fig. 2) in which liquid nitrogen or
oxygen cannot be used since xenon is retained on the walls of the trap at =183 to —196°C. In 15 min all the
residual gases are sorbed at —196°C on activated charcoal in ampul 5. Helium, often contained in samples,
cannot be sorbed on activated charcoal under these conditions, and is pumped out through valve 1 for 3 min.
Then with sylphon valves 1 and 2 closed the charcoal is heated to 250°C, Simultaneously the temperature of the
steel tube 6 with sponge titanium is raised to 900°C. In 15 min the chemically active gases are absorbed by the
titanium. Following this the tube is taken from the furance and cooled to room temperature. When valve 2 is
opened and valve 3 is closed, the residual gases are sorbed on the activated charcoal in ampul 7 in 15 min.
Then, closing valve 2 the xenon purification process is repeated using the titanium getter 8. The xenon sepa-
rated in this way is discharged into the mass spectrometer through valve 3.

All the equipment except the tube with the samples was made of steel, Before beginning the operating
cycle the equipment was pumped out at 300°C for 24 h by two mercury diffusion pumps. During this process the
tubes with titanium getter were heated to 950-1000°C and the ampul with activated charcoal to 300°C.

Measurement of Xenon on Mass Spectrometer. It is 1mpOSS1b1e to measure an ultrasmall amount of fis-
sion products such as xenon isotopes on a commercial type mass spectrometer. It was necessary to recon-
struct the vacuum part to ensure steady vacuum conditions for the measurements. Two steel pipes filled with
SPN-3 getter were attached to the ends of the MI-1201 mass-spectrometer chamber. After heating to 600-700°C
(with evacuation by the diffusion pumps) the getter at room temperature ensures maintenance of the operating
vacuum conditions in the mass-spectrometer chamber for 8-4 h with the chamber valves closed. Before start-
ing a cycle of measurements the mass-spectrometer chamber had to be outgassed for at least 24 h, 3-5 h of
which were at 300°C. '

Translated from Atomnaya Energiya, Vol. 47, No. 6, pp. 389-391, December, 1979. Original article
submitted March 27, 1978.
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Fig. 1. High-temperature vacuum furnace for
extracting xenon from solids: 1) high-vacuum
pump; 2) molybdenum screens; 3) thermo-
couple vacuum gauge; 4, 5) outlets to purifi-
cation and evacuation systems respectively; 6)
window for optical pyrometry; 7) multiply
charged structure; 8) heating elements; 9) water
cooling; 10) high-temperature heater; 11) tung-
sten—rhenium thermocouple; 12) cooled current
lead-ins.

A 7 8
Fig. 2, Schematic diagram of high-vacuum
equipment for separating xenon: a) to high-
temperature furnace; b) to evacuation system;
c) to mass spectrometer,

The cooling systems for the vacuum traps and the eléctric and water supply systems of the mass spec-
trometer were reconstructed to ensure automatic around-the-clock vacuum pumping., The flow of liquid nitro-
- gen into the mass spectrometer traps was regulated by a clockwork mechanism, a control system, and a com-
pressor which produced an overpressure in the Dewar flasks as commanded by the clockwork mechanism. The
sensitivity of the measurement of ion currents in the receiving end of the mass spectrometer was increased by
installing an open louver type electron multiplier which made it possible to measure ion currents from 1.5-
107 13 to 1-10 “17 A. The background current of the multiplier was no more than 2-10~ A, The xenon back-
ground of a sample of a commercial mass spectrometer was lowered by a factor of 10°: from approximately
10~ to 101 cm3 (~10° atoms) in the closed chamber."

A metering device —a gas pipet — was attached to the vacuum chamber for continuous monitoring of the
sensitivity of the mass spectrometer and to determine the amount of xenon in the samples being studied. By
comparing the ion current in the mass spectrometer obtained from xenon from samples containing a known
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amount of it with that from the pipet it was possiblé to calibrate the"pipet,_ ie., 'fo calculate the amount of xenon

of atmospheric isotopic composition in it. In addition, by comparing the xenon ion current of the samples under
investigation with that of the pipet it was possible to calculate the amount of xenon in the sample under study.
In addition, the xenon in the pipet enables an estimate to be made of the mass discrimination in each experi-
ment: the systematic deviation of the measured isotopic ratios in atmospherm xenon of the pipet from tabu-
lated data — a measure of the isotopic mass discrimination of the instrument. In an MI-1201 mass spectrom-
eter it generally does not exceed 0.3% per amu,

The basic operating regime of the mass spectrometer scanis discrete. At most 11 isotopes are mea-
sured. The control automatically switches from one mass to another, stopping at each mass for 2, 4, 8, or 16
sec depending on the program specified. This makes it possible to integrate the ion currents over a specified
time of 2 to 16 sec. The integration is performed on a PRM attachment which combines two functions: an
analog-to-digital converter and a discrete function mtegrator. The mass ‘number of the isotope, the intensity,
and the running time are recorded on punched tape.

-Processing of Experlmental Results. In measurmg an 1sotope of mass m in the output current from the
de amplifier is

](m l)-(Nlml ll Nrmt+Amml+Nlmt)Kmt+IOt,

. where Nlmt is the number of ionized atoms of the isotope being measured Nrm¢ is the number of ionized atoms
of isotope of mass m remaining in the mass-spectrometer chamber after evacuation stops; Nmm¢ is the num-
ber of ionized atoms of the isotope of mass m resulting from the "memory" effect; Nym¢ is the number of
ionized atoms of mass m resulting from inleakage (quasistatic regime); Kmt is the mass-spectrometer con-
version factor which depends on masses and varies with time as a result of instability of the fields of the in-
strument; Iy is the initial output current of the dc amplifier.

.The value of Ny depends on the degree of evacuation of the mass-spectrometer chamber; Npym and Nm
are zero at the instant of admission. Consequently, in order to determine a true isotopic ratio it is necessary
to measure all isotopes at t=0 (the time of admission). A series of measurements of mass spectra is per-
formed, a correction to I°t is 1ntroduced and the measured ion currents are extrapolated to the time of admis—
sion, :

The time dependence of the ion currents can be approximated by an n-th degree polynomial equation.
Choosing the degree of the polynomial is a problem. A low-degree polynomial will give a crude description of
the physical process, and a high-degree polynomial will not smooth out the "noise" of the experiment. A rule
for choosing the optimum degree of the polynomial is given in [1].

The mass spectrometric information was processed by using a universal Nairi computer, Input infor-
mation was by the punched tape obtained from the output of the mass spectrometer. The program developed
includes: taking account of Iots choosing the degree of the extrapolating polynomial, extrapolating the ion cur-
rents to time t=0, calculating the isotopic ratios; introducing a correction for the mass discrimination of the
instrument, and calculating the amount of xenon in the sample. The information is processed while the experi-
ment is m progress. The mean square error of the determination of the isotopic ratios of atmospheric xenon
(10-1° cm? for an integration time of 8 sec and the recording of 10 mass spectra) is no worse than 0.3%.

This new variant of the mass spectrometric procedure is already in use in practice and can be employed
to solve various physical and engineering problems. From a knowledge of the isotopic composition the shape
of the fission fragment mass distribution curve in the range 129 =A =136 can be found for the spontaneous fis-
sion of nuclides with very long half-lives, The mass spectrometric procedure described for the isotopic
analysis of xenon can be used to search for hypothetical transuranium elements in nature [2]. The method
developed is used to search for traces and to investigate the manifestation of a chain process of the fission of
25U in nature [3], and for neutron dosimetry in the study of samples irradiated in a nuclear reactor [4].

By using the procedure developed it is possible from the content of xenon in the monitor and in the sam-
ples being investigated to perform an analytlc determination of fissile nuclides. For a fission cross section of
~10% b, a fluence of ~ 10¥ neutrons/em?, an amount of fissile nuclides ~10~!* g can be deter mined with a rela-
tive error of ~15%. The error can be decreased to 3-59% if the amount of iodine or barium in the samples and
monitor is determined before irradiation. Then, simultaneously with xenon from fission %Xe or !¥!Xe is
formed, and consequently the concentration of the fissile nuchde in the sample will be determined by the ratio
Xef/mXe or Xef/mXe in the sample and the monitor.
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SOME ASPECTS OF THE USE OF LOW-TEMPERA TURE
RADIATION IN NEUTRON-ACTIVATION ANALYSIS
OF BIOLOGICAL MATERIALS |

L. M. Mosulishvili and N.v E. Kuchava - UDC 543.53

During irradiation in reactor channels, biological specimens are subjected to the radiation effect of neu-
trons and ¥ rays. Because of absorption of the energy of nuclear particles and y rays, there is a rise in the
temperature of the specimens and this contributes to the loss of some so-called volatile chemical elements
(bromine, iodine, arsenic, mercury, etc.) which constitute part of the biological materials. For this reason,
the results of activation analysis of biological specimens in respect of volatile elements can be reliable only
with the correct choice of irradiation conditions. ‘ .

The heating of biological specimens during irradiation in a reactor core with a neutron-flux density of
~2 101 peutrons &m?- sec was reported for the first time in {1]. It was shown that in the course of irradi-
ation of liquid biological specimens, their temperature may reach about 60°C. The possibility of cooling liquid
biological specimens with dry ice was considered in [2]. By irradiating the specimens at a neutron-flux den-
sity of ~2-10!% neutrons/m?* sec, it was possible to extend the irradiation time to 13 h. A special system of
polyethylene containers, holding biological specimens enclosed in a thick layer of dry ice for neutron irradi-
ation, was proposed in [3]. These technical procedures made it possible to conduct low-temperature irradi-
ation of liquid biological specimens at a comparatively low neutron flux of about 10!? neuu'onskmz' sec. For a
flux density of about 10!3 neutrons Jem?+ sec, it was proposed in [4] that biological specimens be irradiatedright
in a helium cryostat, thus ensuring low-temperature irradiation of biological specimens at a neutron-flux den-"
sity of 2 10' neutrons/em?+ sec for 5 h. Such technical procedures were used to prevent the loss of volatile
elements in the course of neutron irradiation of biological specimens. Clearly, the proposed methods of cool-
ing are insufficient for long low-temperature irradiation of biological specimens by using a comparatively high
neutron-flux density [>5*10%® neutrons/cm?’-sec]. In [5] the problem of cooling biological specimens during
irradiation with intensive neutron fluxes from a nuclear reactor was solved by using helium gas, cooled to the
temperature of liquid nitrogen, circulating in a closed system. '

The present paper gives a detailed analysis of the individual stages in low-temperature irradiation of
biological specimens which were used in 1970 in a series of investigations on biological materials by the tech-
nique of instrumental neutron-activation analysis, conducted in the IRT- M reactor at the Institute of Physics,
Academy of Sciences of the Georgian SSR. It would be proper to pose the question: what temperature could be
produced by radiation heating in biological specimens during irradiation? As shown by our experiments, this
‘temperature reaches about 300°C at a neutron-flux density of about 5 - 1013 neutrons /m?- sec. Figure 1 gives
the results of temperature measurements in one of the vertical channels of the reactor with a given design of
transport container holding the biological specimens (dry blood). The temperature was measured at two points
in the transport container, i.e., at the geometrical center and on the outer surface, by means of copper—Con-
~stantan thermocouples. As is seen from Fig, 1, there is a temperature gradient from the center to the surface
of the transport container holding the specimens. The temperature shift on average is about 35°C at a power
©of 3 MW,

Figure 2 gives a schematic drawing of systems for cooling biological specimens placed in reactor core.
The technical specifications of this system are: working diameter of channel 20 mm, length 8000 mm, cooling
_zone 600 mm, power 5§ MW, helium-gas flow rate 50 m%, and liquid-nitrogen flow rate 60 liters/h. With a
given reactor operating cycle, a pressure difference of (0.2-0.3) * 10° Pais maintained continuously. The de-
pendence of the temperature of the biological materials on the irradiation conditions in the cold channel is
illustrated in Fig. 3. The container with the specimens was charged into the channel with the reactor at zero
power, without helium circulating, During this time there is a slight increase in the temperature of the speci-
mens (time interval I in Fig. 3). Then the circulation of helium gas begins and the temperature begins to drop

Translated from Atomnaya Energiya, Vol. 47, No. 6, pp. 392-393, December, 1979. Original article sub-
mitted March 12, 1979. v ' '
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Fig. 1. Temperature of radiation heating of
biological specimens vs thermal power of
IRT-M nuclear reactor on surface (1) and in
center (2) of container: O) experiment.
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Fig; 2. Main units of vertical low-temperature system for cooling biological specimens during
irradiation: 1) loading channel; 2) specimen; 3) heat exchanger; 4) compressor; 5) gas holder;
a, b) low= and high-pressure valves.

Fig. 3. Temperature vs power of nuclear reactor.

sharply (zone II). For 25 to 30 min after the onset of the circulation of cold helium there is a sharp decrease

in the temperature of the specimens (zone IIl), Zone IV corresponds to the equilibrium temperature of the
specimens at a power of 1 MW, Zones V-VIII shown in Fig. 3 correspond to a reactor power of 2, 3, 4, and

5 MW, respectively. In zone IX there is an abrupt drop in the temperature of the specimens after the reactor
has been put into "zero power." Zone X corresponds to circulation of helium gas without cooling, The irradi- .
ation cycle ends with the specimens being removed from the reactor core. As is seen from Fig. 3, with an in-
crease in the reactor power while the helium-gas flow rate remains at a constant given level, there is an in-
crease in the temperature of the irradiated biological specimens, reaching ~170°K at a reactor power of 5 MW,

. Clearly, when biological specimens are irradiated in the temperature range from 80 to 170°K, the possibility

of volatilization of chemical elements is practically eliminated. This low-temperature arrangement makes it
possible to maintain a prefixed temperature range of irradiation of biological specimens at various reactor
-powers by varying the speed at which cooled helium gas is circulated.
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BORON CONTROL OF WATER- MODERATED WATER-COOLED
POWER REACTOR DURING OPERATION UNDER VARIABLE LOADS

'E. L. Ignatenko and Yu. N. Pytkin ~ _ . UDC 621.039.586

. A system of boron control has been used in water-moderated water-cooled power reactor (VVER) units

~ to compensate for slow variations in the reactivity. [1]; The concentration of absorber in the coolant of the
main circulation loop (MCL) is changed by makeup with either a highly concentrated boric acid solution or

pure water (deionized) with simultaneous drainage of unbalanced water into drainage tanks through a throttling
-device. ' ' '

The method of exchanging water to change the concentration of boric acid in the coolant of the MCL
results in unbalanced water, containing radioactive products, accumulating in the drainage tanks. Treatment
of the drainage water in order to extract boric acid for reuse or storage and purificétion from radioactive pro-
ducts in special equipment requires expenditures and leads to contamination of the premises and the environ-
ment. The liquid radioactive wastes which are obtained during the treatment and whose activity and quantity
are determined to a great extent by the operating conditions of the atomic power plant should be stored in spec-

_ial containers, : : : :

The VVER-440 units in service in the Soviet Union as well as in other countries are operated mainly on
a load basis. Under these conditions, the volume of drainage water (including unorganized seepage) in the time
between rechargings is about 1500 m%, Data on the operation of the Kol'sk Atomic Power Plant show that the
‘rates at which containers for storing liquid radioactive wastes are higher than those projected. When the
atomic power plant has variable operating conditions [2, 3], the volume ‘of the water drained systematically
from the MCL increases more than tenfold. This results ina growth of the total activity of the gaseous-aero-
sol discharges into the atmosphere and a deterioration of the radiation conditions in the production premises.

The technique of making a reversible change in the boric acid content in the coolant of the MCL on the
basis of utilization of the properties of ion-exchange resins, does not fully resolve the problem. Its use is
coupled with a considerable quantity of high-activity wastes obtained during the regeneration and replacement
of the spent resins. For a reversible change in the boric acid concentration in the MCL coolant in a closed
cycle within limits sufficient to prevent transient poisoning with 13%5%e during operation of an atomic power plant
during the variable-load part of the schedule a more promising technique is that of using a special apparatus
(Fig, 1). The principal elements of the apparatus are an evaporator (with electric heaters) and a condenser
which at the same time act as volume compensators. In the evaporator, because of the evaporation there is a
build-up of a highly concentrated boric acid solution which, when necessary, is fed into the MCL through the
adjustable valves.. The volume of water in the evaporator is compensated by the inflow of coolant from the
MCL through the check valve which protects the electric heaters from overheating when the level in the eva-
porator drops suddenly. Water without absorber enters the MCL as a result of the condensation of water vapor
formed in the evaporator on jets of ncold" water during operation of the spray tower of the condenser. A
back-up pump has been provided on the feed line for coolant to the evaporator and condenser in order to in-
crease the rate of change of boric acid in the MCL with part of the MCL cut off.

In order to determine what rating the electric heaters of the condenser must have to prevent transient
poisoning of the reactor core with *Xe when the power unit of the atomic power plant is operating under
variable-load conditions, we carried out the necessary calculations. The operating conditions of the atomic
power plant with daily unloading from nominal power to 309% and to zero were studied as well as the possibility
of restoring the power to the nominal value at any moment of time.

The calculations were carried out for a fixed fuel charge in the VVER-440, for 7200 effective hours. The
neutron-physical characteristics of the reactor and their variation during the fuel cycle were found by calcu-
lation [4, 5] as well as in experiments on the power units of the first department of the Kol'sk Atomic-Power
Plant. The calculations took account of the presence of a controlling group of assemblies in the reactor core
and the change in the coolant temperature with a reduction of power.

Translated from Atomnaya Energiya, Vol. 47, No. 6, pp. 393-394, December, 1979. Original article sub-
mitted April 7, 1978. :
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) F1g 1. Apparatus for reverSIble change of boric acid content in MCL coolant in a closed
. cycle: 1) main circulation pump (MCP); 2) ad]ustable valves; 3) check valve; 4) elec-

tric heater; 5) evaporator 6) spray towers; 7) feed pipe for water vapor from evaporator
to condenser; 8) condenser -9) back-up pump; 10) reactor. = -

Fig, 2 Calculated power of electrlc heaters of evaporator at varlous moments in the '
" fuel cycle. :

Figure 2 gives the results of calculation of the necessary power of the electric heaters in the evaporator
at various moments in the burn-up cycle with daily power control, of the power unit over the ranges from 100%
to 0 (1) and from 100 to 30% (2). The character of the curves shows that in the first case the appropriate power
of the electric heaters of the evaporator is about 10 MW and in the second case it is 4-5 MW, The calculations
were carried out with a margm since no allowance was made for reduction of the reactor power with finite

speed and the possibility of the power units being unloaded to the level of intrinsic needs during the daily shut-
downs. : '

The fundamental p0551b111ty of the proposed apparatus being employed to vary the boric acid content in
the MCL coolant was verified experimentally on the volume-compensation system of a VVER-440 unit of the
Kol'sk Atomic Power Plant. During the operation of the power unit, a boric acid concentration of 20 g/kg was
attained in the volume compensator as a result of the operation of the electric heaters and the discharge of
water vapor into a bubbler,
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OPTIMIZATION OF PROBE DEVICE
FOR SELECTIVE y—y BOREHOLE LOGGING

D. K. Galimbekov and B, .E. Lukhminskii UDC 550.835:539.125.52

The probe device proposed in [1] for selective Y—7 borehole logging (GGBL~S), of a special type with a
slit collimator for the source, ensures determination of the effective atomic number Zg of rocks and permits
the interfering effect of their varying density p to be eliminated., Tests with this device showed that account
must be taken of the 1nterfer1ng effect of microcaverns or of the gap h between the device and the borehole

wall over cavern-bearing segments of the shaft.

In the present paper we consider the problem of optimizing a two-probe device (GGBL) consisting of the

channel of GGBL~S and a Y-ray profilometer (GP), measuring h (Fig. 1).

The initial system of equations for finding Ze and h with account for the possible interference between
the channels is of the form - :
Jy=T(p, Zg, &, G)+24(ps %, %, G); )
To=1Iy(p, Zgy hy Go)+Ea(py Ze, hy G), | _
where Jy and J, are the total readings of the GGBL~S and GP channels, respectively; & and &, are perturbations
caused in the channels by the radiation field of the neighboring channel; I; and I, are the fluxes of the recorded

radiation, bearing the principal information about the measured parameters of the rock; G; and G, are the sets
of variable parameters of the construction of the GGBL-S and GP channels in the space of the parameters G,

Optimization comes down to finding the set of parameters which ensures the maximum of the vector
objective function 7(G), chosen to be the sensitivity to the measured parameter in each channel, i.e.,

1| Ay I : :
). -
We prescribe an allowable level of interfering factors '

T, | AZe
_i_lAJl _1_IA11- - ,
Ji| Ap Ji | A 11 Oy ' ‘
(_1_ AT, A12)<(52, 522)' . @)

*y
ﬂ<°‘>—mz“(L
J, | Ak
Je | Ap K'Az3

where 5ij is a small quantity limiting the effect of the j-th interfering factor ‘on the reading of the i-th channel.

It is required that the interference of the channels with each other not exceed a prescribed level g (e.g.,

J{ ‘51 . : . (4)
g ( g, ) = ( ez) : ’
Constraints (3) and (4) should be complemented with the conditions
m<p<ps Zi <2< Z; O, . , (6)

which assign the ranges of p, Ze, and h,

In the range of values of practical interest as far as parameter G is concerned, the perturbation g is
negligible in comparison with J4. This allows problem (2)-(5) to be solved separately, i.e., this permits the
GGBL-S channel to be optimized independently fxrst and then the GP channel to be optimized with allowance for
the perturbation of the GGBL—q channel.

Translated from At'omnaya Energiya, Vol. 47, No. 6, pp. 394-396, December, 1979. Original article sub-

- mitted May 29, 1978.
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Fig. 1. Geometry of two-probe GGBL~S device: 1) cylindrical lead shield;
2, 3) detector and inlet collimator of GGBL~S channel; 4) aluminum casing of
instrument; 5) rock; 6) exit slit collimator of GGWL~S channel; 7) y-ray
source; 8) exit collimator of GP channel; 9, 10) detector and inlet collimator
of GP channel; 11) medium filling borehole.

Fig. 2. Diagram for determining the form and dimensions of slit collimator of
source and length of optimal GGBL~S probe [I, Z1, &(6)/sin 6 are given in units
of the radius R, of the lead shield]: 1, 2) GGBL~S probe with Eu and Se sources
(Z1,/R,=6 and 3.6, respectively); 3) calculated ( ) and experimental (———)
variants with Se source (Z1/R,=3.25).

_ In the first stage of optimization of the GGBL~S channel, we solve the firect problem of the GGBL. This
is done by using the Monte Carlo method, executed with the aid of the MOK program package [2, 3]. The set of
parameters G; includes the length I of the probe, the angles ¢, and 6, and the form &(6) of the slit collimator
of the source. The results of the solution of the direct problem are approximation by smooth functions in all
variables [3]. Then, variational methods [4] are used for a number of values of 1, 64, and 8, to choose the form
&{(0) of the slit collimator, ensuring satisfaction of conditions (3). Analysis shows that the increase in J; with
Zg is due to the reduction of the range of p. It is expedient, therefore, to choose §;y to be equal to the statis-
tical and instrumental errors.

In the optimization of the GP channel use is made of the similarity of the geometry of the channel to the
‘geometry of single scattering. The set of parameters G, includes the distance I', the diameters d; and d, of
the collimating apertures, the angles » and 8, and the lower energy threshold E, of detected y-ray quanta. In
the first stage, an approximate optimization is made by using analytic expressions of single scattering for I,
and approximation formulas for &, Subsequent refinements, taking account of multiple scattering, are found by
direct calculations with the MOK program package.

The scheme was implemented in selecting the optimal design of devices with “Se and 1*Eu—1**Eu sources,
intended for studying rocks with a density ranging from 2.0 to 4.5 ,g/cm3 and with effective atoms numbers of
13 to 22 (ores of nonferrous metals, bauxites, etc.). To assess the reliability of the proposed optimization
scheme, calculations were made -of one variant of the configuration of an experimental GGBL-S with a slit col-
limator [1], as shown in Fig, 2, In this case, the sensitivity (1/AJ,)(8J/8Z¢) of the calculated and experimental
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channels is equal to 7.5 and 7.8%, respectively. The-satisfactory agreement between the parameters of the
calculated ‘and experimental probe device permit the proposed algorithm to be recommended for optimization
of apparatus of a similar type with other sources and other materials for the casing. For the calculated
paraméters of the GGBL~S channel we give below the parameters of the GP channel for ®Se and'’ 152= 154y
sources, respectwely, with a casmg thlckness of 4 mm and Ry=20 mm: :

75Ge  152-154Fy,

Lyem L., 7 11
®odeg ... ... . 27 18
8, dég ....... 90 120
pom iiild 1%
Epkev oL ... 110 190

_ Calculatlons showed that the use of an europium source reduces the sen51t1v1ty of the GGBL~S channel
by almost half but increases the sensitivity of the GP channel (from 1.5 to 3% ina 1-mm gap).
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ANGULAR DISTRIBUTION OF GAMMA DOSE
RATE AT DEEP PENETRATIONS

"N, L, Kuchln, K, K, Popkov, UDC 539,121:539,122
and I, N, Troflmov ‘ ‘

We have investigated the angular .distx_‘i.butioh of the gamma dose rate from a plane isotropic monoener-
getic source for penetrations up to 50 mean free paths (mfp) in matter.  Calculations were made by the Sh
method in the S;P, approximation using the KURAGA-M Program [1].. The source energy Ey was varied from
0.5 to 10.0 MeV,

Since the angular distribution far from the source is expected to bé particularly anisotropic with a pro-
nounced forward peak, we made a special investigation of the possibility of applying the method to describe the
angular distributions of the gamma dose rate. The effect of the number of terms I retained in the expansion of
the scattermg indicatrix in Legendre polynomials on the relative angular distribution of the gamma dose rate

k(0, kex) was studied, The quantity & (8, yue) =D (8, yea) S D (6, poz) sin 6 48 determines the fractional contribution to

the total gamma dose rate from gamma rays traveling at an angle ¢ with the normal to the source surface.
Figure 1 shows k(6=0, jgx, I) in iron for a plane isotropic gamma source with E;=8.0 MeV, Since the curves
approach asymptotic values for pex >30 and I = 6, it is concluded that a further increase in I would hardly lead
to an increase in the accuracy of the calculations. The quality of the information obtained was checked by using
a modified Monte Carlo method which specified a uniform distribution of first collisions over the whole shield
thickness with up to 50 splitting boundaries. Figure 2 shows the relative angular distributions of the gamma
dose rate from a plane isotropic source with a) E;=1.0 MeV and b) E;=8 MeV calculated by the Monte Carlo
and Sp methods. The results agree within the limits of error of the Monte Carlo method, which does not exceed
309% at a penetration of 30 mfp. '

Analysis of the data obtained showed that the character of the angular distribution of the gamma dose rate
varies rapidly with the depth of penetration. At a penetration pox <20 the anisotropy increases monotonically,

Translated from Atomnaya Energiya, Vol. 47, No. 6, pp. 396-398, December, 1979. Original ai‘ticle sub-
mitted July 4, 1978. :

0038-531X/79/4706-1011$07.50 © 1980 Plenum Publishing Corporation 1011

Declassified and Approved For Release 2013/02/15 : CIA-RDP10-02196R000800020005-0



Declassmed and Approved For Release 2013/02/15 : CIA- RDP10 02196R000800020005-0
k(a;ﬂ‘ox)

10°

1077

1072

K805 o)

R i L B deg

' Fig. 1 ' ‘ . Fig. 2 o
F1g 1. k(8=0; pgx, 1) as a function of the order of expansmn of the scattermg 1ndlcatr1x
in Legendre polynom1als

Fig. 2. Relative angular distribution of gamm'a'dose rate in iron: histog‘fams, calculated
by Monte Carlo method: O) calculated by S, method; ) linear interpolation in cosé
* of calculations by S, method.. ' o T '

04
)
~ 0
= = =
N — = e
BRI /Il ~ _£,,=0,5MeV1{ >;’___1;_______
~x N
| TR\ 2041
3 L
51072 4
[
3.10'2|||11|1180d||~x||.||
1020 30 40 90 0 20 30 40 54
JiaX MaX

Fig. 3. Relative angular distribution of gamma
dose rate k(g, ugx) as a function of depth of
penetration for a) cos 6=1; b) 0.9; c) 0.6;

d) 0.

but at penetrations of more than 20 mfp the angular distribution is stabilized. Similar behavior is observed if
the energy E ;,, corresponding to the minimum in the total interaction cross section is greater than E,. The
values of k(g, pgx) for water at fixed values of ¢ shown in Fig. 3 agree with the discrete reference values
assumed in the algorithm.

The asymptotic angular distribution of the gamma dose rate for angles 0°=< 9 <90° is satisfactorily
described by a function of the form exp (—0/8y). The values of the exponential angular coefficients g, are listed
in Table 1. The concrete composition is given in [2]. For the materials investigated an increase in the gamma
source energy increases the anisotropy of the asymptotic angular distribution of the gamma dose rate. Table2
lists the coefficients 0, for various thicknesses of lead.
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TABLE 1. Coefficients 6, (in deg) for
Asymptotic Form of Angular Distribution
of Gamma Dose Rate

Eo, MeV

Materiat ’ -

0,5 l t,0 I 2,0 | 3,0 1 4,0 l 6,0 | 8,0 10,0
Water 54,0/ 35,0123,5|20,0{17,5]15,6|14,5] 13,7
Concrete | 33,0]27,5|20,8)18,5(17,0( 15,8 15,4| 14,8
Iron ~}25,6]23,0]19,5]18,0)16,9|16,3]15,9] 15,9

TABLE 2. Coefficients 0, (in deg)* for Vari-
ous Thicknesses of Lead

Eo, MeV
MHoXx . J
0,5 1,0 2,01 3,0 l 1;.9 1 6,0 ‘ 8,0 10, 0]
11,5[15,2 Toe T oI
20 158|157 152 14:8]15.3]15,5|15.5 15,5
‘ 10,7 14,1
. — | 14.2] 1 <
30 178|157 | 145{14.0]14.214,5 14,5] 14,5
10,2113,9
) %sl1 3| 45| 14,0]18.9114,0 15.0 14.,0
10,0{13,7{,, . - a
0 \@s|153 14,5/ 14,0143,8113,5/13,5| 13,5
{*In the numerator of the fraction 0° <§=26°;
in the denominator 26°<#<90°, -

For E¢>Ep in (Epin=3.4 MeV) the angular distribution of the dose rate is practically independent of Ey,
but varies as the depth of penetration yx is increased. Within the limits of accuracy of the method of calcu-
lation the angular distribution of the dose rate after more than 30 mfp of lead can be considered stable for ener-
gies E; (2, 3, and 4 MeV) which are close to Epjn. For Eg<Epjp (0.5 and 1 MeV) the angular distribution of
the dose rate is stabilized only for §>30°. Ata given energy for 0° < <30° the anisotropy of the angular dis-
tribution of the gamma dose rate in lead increases with increasing penetration,
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STRIPPING OF URANIUM IONS OF ENERGY OVER 60 GeV .

E. L. Duman and L, I. Men'shikov | UDC 539.17

" Unknown superdense or neutron nuclei may arise from phase transitions in the collision of heavy nuclei
having energy of some hundreds of MeV/nucleon [1], which has stimulated research on accelerators for heavy
ions (up to uraniumy). This requires quantitative determination of the mteractlons of such ions with targets,

" i.e., determination of the: cha.rge spectrum after stripping, the angular divergence, and the energy-spectrum
broadening. This study formed part of research for heavy-ion accelerator systems [2] to be built at the Joint
Nuclear Research Institute, where it is proposed to inject uranium ions of energy 350 MeV/nucleon into a syn-
chrophasotron. Here we consider the material thickness of the target.

Processes Governing the Charge State, Angular Divergence, and Loss. The ultimate target parameters,
the energy loss, and the angular divergence of the ion beam are governed by processes occurring in the inner
~ electron shells of the uranium ion. This substantially simplifies the problem and provides simple analytical
relationships between the beam parameters at the exit from the stripping target and the thickness and material
for kinetic energies above 60 GeV,

The charge state in the ion beam is the result of two opposmg processes: ejection of electrons from the
uranium by collision with atoms and uptake of target electrons by the multiply-charged ion. If the relative
velocity of collision is high, the probability of one~electron ionization can be determined from perturbation
theory in the central approximation [3], which is readily extended to the case of relativistic velocities, Then
the cross section for one-electron 1onizat10n (in atomic units: hi=me=€=1) is

ZE 200ty exp(—ved) )
0_1721szf21,_ , Zadef —, .

‘where N is the number of electrons in the outer shell of the ion, wh11e Y=Q vz/cz)"/2 here we have used a

. hydrogen-type model for the uranium ion on which there are electrons in the outer shell that move in an effec-
- tive Coulomb field of a charge Zgf with binding energy I= Zéf/Z. This representation is most fully justified if

the charge on the ion is more than 85. However, in our case the stripping of the uranium to charge 85 occurs

- in the first 10% of the target thickness, and the remaining 30% is characterized by processes in the inner elec-

tron shells, for which the hydrogen-type model is most justified. The error does then not exceed 30%.

The following are the main processes that reduce the charge: 1) trapping of 1s electrons from the tar-
get atoms by the Coulomb field of the ion, i.e., Brinkman—Kramers trapping; 2) radiative capture, or electron
- capture with photon emission. In the ultrarelativistic case (y>1), the main process that reduces the charge
on collision with target atoms is the production of e*e™ pairs in the Coulomb field of the two nuclei and that of
-an electron in the K shell of the uranium. However, the contribution of this process to the production of the
~ equilibrium charge can be neglected at the collision speed we envisage.

The following equation [7] gives the cross section for Coulomb capture, with correction for relativistic
effects:

Ze )2(2)5( Zat P (20 G0 @)

" Opx .= 5 mee ke -he c (v+e)r

where €= «A— Zefe4 and c¢ is the velocity of light.

If the collision speed is high, the cross section for radiative capture is expressed in terms of the photo-
ionization cross section [7, 8):

2K
rad -

2 o
- Z,0p, _ 3

where Z, is the number of electrons in the target atom, K is the momentum of the emissive photon, and
the photoionization cross section, which is given by Stobbe and Zauter equations [4] for the relativistic and non-

Translated from Atomnaya Energiya, Vol. 47,'No, 6-, pp. 398-399, December, 1979, Original article sub-
mitted December 11, 1978.

1014 0038-531X/79/4706-1014$07.50 © 1980 Plenum Publishing Corporation

Declassified and Approved For Release 2013/02/15 : CIA-RDP10-02196R000800020005-0




Declassified and Approved For Release 2013/02/15 : CIA-RDP10-02196R000800020005-0

S
0}

sk O\
o -
2}

L i i 1

¢ - n ] 30 40 Z
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beam as a function of target atomic number
Z, for an energy of 250 MeV/nucleon and Z of:
1) 91; 2) 92; 3) 90.

4 mg /cm2 K%

8

-~ o}

S

.
.3 -]
Lof
£ wt
<« .
]
.20 1 L 1 1 1o
S 0 s om0 e 2000 @ 300
d n A . 'l -
B R T T T 2 - § MeV/nucleon
£, MeV /nucleon
Fig. 2 Fig. 3

Fig. 2. Relationship between equiiibrium thickness 6 of the opti~-
mum target, angular divergence A+#, and ion energy E,

Fig. 3, Proportion N of uranium nuclei stripped in relation to
energy E for the optimum target.
relativistic cases. These equations for o? give identical results over a wide intermediate velocity range even‘

for highly charged ions. The frequency of the emitted photon is w = (Z +v3)/2. »
The angular divergence A ¢ is largely determined by the Coulomb scatterlng of the colliding partlcles

av—}/ 2 ([ v:a0) m.L, @

where ¢ = %A‘ sin® is the scattering angle in the laboratory coordinate system, do = %( 224 ) 2sin60d9 s the
i . . R X

Mqv2] sin40/2
Rutherford differential scattering cross section, and L is the effective target thickness.

The energy loss and the broadening are due to processes that alter the electronic state and can be cal-
culated from formulas due to Bethe [5] and Pomeranchuk [6]. :

Target Choice and Relative Content of Nuclei in Beam. The optimum parameters of the target are deter-
mined in the main by processes in the K sheli of the uranium ion: '

ZAteexY; Y4exX.

Here Y and X represent uranium ions with 1 and 2 electrons in the K shell, respectively, while Z is a bare
nucleus. ' '

We write kinetic equations for these processes:

L e 20X+ Y;

ax
. dl
v——-20¢X oiY—l—otZ-{—— Y; . . (B)
EE———-OY o Z,

dl

where 1 = Nyx, x is the target length, X+ Y+ Z=1, o is the ionization cross sectlon of (1), and 6y =20 g +0rt, where
oBK and o, are the cross sections for Coulomb and radiative capture calculated from (2) and (3), while X, Y,
and Z are tﬁe proportions of uranium ions and nuclei in the beam..
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These equations give us the charge spectrum of the uranium beam in relation to the atomic number of
the target material provided at Za/Zef «1 for collision energies above 60 GeV. There is a maximum yield of
nmuclei in the region Z, ~25-28 (Fig. 1). The equilibrium thickness 6 and the rms scattered angle A4 havebeen
calculated in relation to beam energy (Fig. 2), as has the proportion of nuclei Z in the beam (Fig. 3).

The energy loss-and the broadening occurring in the equilibrium thickness under these conditions are
almost independent of the energy for collision energies in the range from 0.25 to 2 MeV/ucleon and are cor-
respondingly 700 and 30 MeV.
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EFFECT OF REACTOR RADIATION
‘ON THERMOELECTRIC THERMOMETERS

A. A. Fraktovnikova, M. I. Redchenko, | o UDC 536.5:621.362
,and A, 8, Kruglov g

The readings of thermoelectric thermometers (TT) of tungsten—rhenium alloys which are exposed to
reactor radiation must be corrected because of the change in thermal emf resulting from radiation defects.
The published data are not self-consistent. Thus, readings of a W/W25Re TT were raised 150° at a tempera-
ture of 2200°C and a fluence of thermal neutrons of 2.6-10% neutrons/m? [1], while the readings of a W5Re/W-
26Re TT were lowered 90° at a temperature of ~1200°C after irradiation in the MTR reactor for 5500 h [2].
Irradiation of a W5ReAV20Re TT to a fluence of thermal neutrons of 5° 10 neutrons /cm led to an increase in
readings by 25° at the freezing point of aluminum [3]." :

The inconsistency of the published data is evidently a consequence of the great difference in methods and
experimental conditions, the chemical compositions and constructions of the TT samples, and the technology
of their manufacture and placement in the test section. In view of this we have investigated the behavior of
VR5/20 TT made by the same technology and irradiated with neutrons having various spectra (Table 1).

The experiments were performed by two methods.

1. The thermoelectric properties of TT irradiated in a reactor were compared with those of standard
samples which had not been irradiated. The results obtained in this way do not depend on transient effects,
The effect on them of an induced thermoelectric nonunifor mity was taken into account by profiling the tempera-
ture gradient along the thermoelectrodes during calibration.

2, The thermoelectmc properties of TT during 1rradlat10n in a reactor were compared with those of
standard Chromel—Alumel TT. The effect of heat release in TT ]unctlons was reduced to a minimum by a
closely packed assembly of TT in a sample having a large heat capacity. The effect of heat release on the
thermal emf was determined from the difference in readings of samples placed in the test section in the cali-
bration process performed before placing the assembly in the reactor, and the beginning of irradiation. In the
present work this difference in readings was 1-3°, '

Translated from Atomnaya Energxya, Vol. 47, No. 6, pp. 399-401, December, 1979. Original article sub-
mitted January 8, 1979.
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‘Fig. 1. Change in readings of irradiated

VR5/20 tungsten—rhenium thermoelectric
thermometers in comparison with readings of
standard samples: @) samples irradiated in
the SM-2 reactor up to a fluence of ~2+ 1020
neutrons /cm2 in an isochronal annealing pro-
cess in the 20-650°C range; @) after isochronal
annealing to 650°C; ®) during irochronal anneal-
ing in the 650-1000°C range; O) samples irradi-
ated in BR-10 to a fluence of 1.14-10%

neutrons /m? in the calibration process.

TABLE 1. Conditions of Irradiation of TT

Type of reac- | Method of investiga- |Maximum irra- Maximum neutron flux den- | Maximum neutron fluence, ®
. tor tion . diation tem- . t om? Jem?®
C erature, G- | sity, neutrons/cm®.sec neutrons /cm
BR-10 In-pile tests '
- 200 3.108/1004 ' 3 4- 1015/1,1,~ 1021
‘VVR - | The same . 650 5,7-1038/2,4-1013 0,7. 102‘/2,8-1020
‘BR-10 ’ : o
Out-of-pile tests 460 — ‘ 4,2.1017/1, 141022
SM=2 The same 100 2,4- 104741014 , 1,75 100/2,9- 10

*Numerator, thermal neutrons; denominator, fast neutrons.

The experiments were performed with minjature VR520 TT (microthermocouples) [4] with 0.2-mm-
diameter aluminum oxide covered thermoelectrodes. The junctions of the TT were formed by welding the
thermoelectrodes together with a cover. No fewer than three TT were irradiated in each experiment. The TT
were heated in a reactor by neutron and gamma radiation. The maximum difference in readings of the TT did
not exceed 0.5%.

The changes in thermal emf obtained in the calibration of irradiated TT in comparison with the standard
samples are shown in Fig. 1. To account for the contribution of structural defects to these changes the sam-
ples were annealed. Samples irradiated in the SM-2 reactor were subjected to isochronal annealing in the 20-
650 and 650-1000°C temperature ranges. The samples were heated gradually, and held at a constant tempera-
ture for 30 min approximately every 50°. The samples were calibrated both during isochronal annealing and
after the complete thermal cycle. Figure 1 shows that for temperatures above 900°C annealing has no substan-
tial effect on the thermal emf of irradiated TT. During annealing the thermal emf is partially restored, but its
decrease is rather large, amounting to 1.27 mV (80°) at 900°C. The residual changes of the thermal emf are
apparently related to both nuclear —chemical transformations of elements, and to structural defects which are
not annealed in heating to 1000°C.
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‘TABLE 2. Changes of Readings of TT in TABLE 3. Change of Readings of TT during
BR-10 _ Annealing in the VVR Reactor
kradiation Reactor Fluence of Deviation | |Fluence of ther- Temperatur-g of Deviation of
neutrons of all |of readings, mal neutrons, samples during readings, deg
temperature, |power, MW |energies, neu- ' deg . neutrons /cm? measurements, C
c trons / om? , :
2,0.1¢10 () -1
70 BN 6,6-1018 0 5.2.4019 ii’o 17 ]
80 1 210w —1 1,2. 402 &0 —8 : oo
125 2 5,7-1019 8 2,2-4020 350 —15 ‘
125 2 1,6-10% ~15 3.5.1020 625 —2)
200 4 5,6.1020 —31 3.5.1020 45 —15
) 1 5,740 -8 44402 625 —37
305 * 0 6,4-10% —12 4,3-1020 520 2
400 * 0 6,4-10%0 —84 6.7.1020 535 —15
480 * [} © 6,4-10% —87 ! :
575 * 0 6,4-10%° —81
200% 5 © 8,6.10%0 —22
205 6 1,1.10%1 —37

*Calibration of samples during isochronal
annealing.

tAfter isochronal annealing in the 300-600°C
range.

Isochronal annealing and repeated calibration could not be performed on samples irradiated in the BR-10

(Table 1) because of severe embrittlement. Data on in-pile tests of changes in the thermal emf of VR520 TT
~performed in the BR-10 are shown in Table 2, The readings of samples at the maximum irradiation tempera-
ture (~200°C) were decreased by 33°. After irradiation to a fluence of 6.4 * 102° neutrons em? the samples were
subjected to isochronal annealing in a channel at zero reactor power at the temperature indicated in Table 2.

To do this the assembly was equipped with a built-in electric heater. Table 2 shows the changes in readings
of TT after a 1-h holding time. Annealing of TT decreased the deviations of the readings to 22°. During fur-
'ther irradiation of annealed TT the changes of their readings continued to increase and reached 37°.

Samples of TT were irradiated in the VVR reactor by thermal neutrons to a fluence of 6.7 * 10%° neu-
trons /om? without special annealing of defects (Table 3). An analysis of the data of Table 3 shows that during
irradiation there is partial self-annealing of structural d‘efec‘ts, which results in a certain increase in the
thermal emf which is particularly noticeable at an irradiation temperature of ~ 600°C.

The results obtained during isochronal annealing showed that structural defects of materials make a sig-
nificant contribution to changes in the thermal emf of tungsten—rhenium TT, particularly for irradiation to a
fluence of more than 10% neutrons/cm2 It is known [5] that structural defects of single crystals of tungsten
irradiated to a fluence of 1.4 10% neutrons /cm at a temperature of ~470°C are annealed at temperature
>2000°C. Processes of formation and annealing of defects in tungsten—rhenium thermoelectrodes may differ
from those investigated in [5]. However, it is known {6] that the annealing of radiation defects in pure tungsten
and in a tungsten—rhenium alloy (W+25% Re) are only slightly different. Therefore, it can be predicted that
at a high irradiation temperature (above 1000°C) the role of structural defects in the change of the thermal emf
will remain appreciable: the change of thermal emf resulting from irradiation at this temperature cannot be
accounted for solely by nuclear —chemical transformations in the thermoelectrode materials.

Thus, when VR5/20 tungsten—rhenium TT of a single standard size made by the same technology were
irradiated by neutrons with different spectra, deleterious changes in the calibration relation occurred, reach-
ing 250°C at 800°C and aneutron fluenceof 1.14 - 10% neutrons/m? Data on isochronal annealing show that
structural defects make a 31g"n1flcant contribution to the change of the thermal emf. For TT irradiated with
‘fast neutrons to a fluence of 2.9 - 10%° neutrons £m? at 100°C the changes in readings were ~80° after annealing
at a temperature of ~1000°C. ‘
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SOME DISTINCTIVE FEATURES OF THE SPECTRA
OF DELAYED NEUTRONS '

B. P. Maksyutenko, A. A, Shimanskii, UDC 539.173.84
‘Yu. F. Balakshev, and S. F, Gritskevich -

Knowledge of the spectra of delayed neutrons is necessary for calculation of reactor kinetics. By far
most of the experimental research to date has been devoted to the investigation of steady spectra, which, just
as nonsteady spectra, can be calculated from the spectra for the individual precursors., The discrepancy of
the spectra calculated in this way and the experimental spectra is presented in Fig. 1 [1]. It is related to in- -
accuracies in the values of the fragment—precursor yield ratios and the probabilities of their emitting delayed
neutrons., This has an apprec1ab1e effect even for such a well-studied element as 2¥*U when it comes to its fis-
sion by thermal neutrons.

Two-dimensional measurements have begun of the spectra of delayed neutrons, and the cdunting rate has
been recorded as a function of the energy and time. The results in this case do not depend on knowledge of the
fragment yields and the neutron emission probabilities; therefore, they can be used directly in calculations of
the nonsteady mode of reactors. We note several qualitative characteristics.

The instrumental spectrum of delayed neutrons is shown in Fig. 2 in the sequence of its variation during
the time after turning off the neutron source (irradiation time of 5 min), The amplification was chosen so that
as much of the high-energy spectrum was captured as possible to the detriment of the resolution (we chose 256
enéi‘gy channels and 64 time channels). The channel width was 17.2 keV. As is evident, there is a character-
istic abrupt softening of the spectrum with increasing time; this conclusion is in agreement with the results of
calculations based on spectra from the individual fragment—precursors [1]. '

A spectrum with an amplification larger by a factor of 2.5 (6.9 keV per channel) is shown in Fig. 3. Here
the line structure of the spectrum in the low-energy region is of interest. According to statistical theory [2],
the spectrum of the delayed neutrons from individual precursors is a line spectrum with from 200 to 1000 lines
at 1 MeV. Under these circumstances-it is not possible to count on the resolution of individual lines in the near
future. An attempt was made to isolate groups of lines by using the method of least directed divergence [3].
The shape of the peak of epithermal neutrons upon recording the background (it is shown in Fig. 3) served as
the resolution function. With such processing the peaks begin to be clearly isolated from groups of levels (on
the average from four to 25 lines occur per peak). The instrumental spectrum-in the interval 4-12 sec was
processed directly without subtracting the background and taking the reaction cross section into account only
as a means of checking the possibilities of the method. The effective value of the energy of line groups and

TABLE 1. Effective Energies of Line Groups
in the Spectrum of Delayed Neutrons from 2¥U,

keV v

This Ref, This Ref. This Ref,

paper {11 1 paper i paper | U
21 - 8 — 186 180
34 — 103 — 210
oo 120 110 234 230
62 _ 145 130 248 250
76 80 165 160

Translated from Atomnaya Energlya, Vol. 47, No. 6, pp. 401-403, December, 1979. Original article sub—
mitted January 8, 1979.
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Fig, 1. Spectrum of delayed neutrons upon fission of BBy ): ) calculation
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Fig, 2. Instrumental spectra of delayed neutrons of *%U during 4-5 (¢), 26-28 (O),
124-132 (0), 308-324 (@), and 612-644 sec (A) —the background. The spectra are
matched to the amplitude of the thermal peak. For orlentatlon the statistical scat-
ter is indicated at some places.
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Fig. 3. Instrumental and processed spectra of the delayed neutrons of 23°U:
" a) instrumental; b) restored spectrum (x 5) after 2000 iterations; c) reso-
lution function.

their relative contribution was determined. Depending on the number of energy groups used in the reactor cal-
culation, averaging of the yields can be performed over the corresponding energy ranges. The effective ener-
gies of the line groups found in the experiment, which are in good agreement with the data for pure precursors,
are given in Table 1. The linear structure of 3'I in the 200-600 keV energy range (see Fig. 2, ) is scanned
clearly enough in the interval 26-28 sec. '
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NEW DATA ON THE ‘ALPHA DECAY OF 242mApm

S. A. Baranov, V. M. Shatinskii, ' R UDC 535.33
and L., V. Chistyakov -

‘The use of transuranium elements that have been enriched with some isotope is preferable in spectro-
scopic investigations, and in particular, in the study of the alpha decay of these isotopes. An investigation of the

alpha decay of 2**™Am = which has a relatively long half-life (T,/m ~3.1° lofyr) — using a specimen of americium

enriched with this isotope yielded new data on its alpha radiation and made it possible to obtain a more com-
plete scheme of its disintegration. Special attention was paid to the radiochemical removal of impurities from
the americium, The results of the investigation are given below.

Apparatus Sources. The study of the alpha decay of **™Am was carried out on a magnetic alpha spec-

* trograph with spatial focusing of the alpha-particle beam at an angle of 7v2 [1].. The material used for the

sources was a specimen of americium enriched with #?™Am. The sources for the alpha-spectroscopic mea-
surements were prepared by the method of vaporization in a vacuum. Glass was used as the backing. The
dimensions of the sources were 1 x 60 and 3 x 60 mm, In the first case the resolving power of the alpha spec-
trograph (for a spatial angle of Q=5° 1074 times 47) was AE,;=2.5 keV, and in the second, when we were look-
ing for the less intensive alpha lines, it was 7.0 keV (=8 - 10~* times 4m). As the energy standards, we used
the absolute values of the energy of the most intensive alpha lines ’Pu and 2!Am: E,{)=(5123.43 2 0.23) keV,

Eqf’=(5168.3  0.15) keV and, Eql};=(5442.98 + 0.13) keV, Eoi=(5485.74 = 0.12) keV [2]. The accuracy of
determination of the most intensive lines of the alpha spectrum of **™Am was = 0.5 keV. In most of theremain-

ing cases the error did not exceed + (1.0-1.5) keV [3].

Alpha Decay of #*™Am, According to recent measurements [3] (see also [4]), the alpha decay branch of
22MAm is (0.45  0.01)% of the isomeric transition 2Am, which corresponds to a partial half-life of Tipa =

- (3.11x 0,05) * 104 yr [4]. The source investigated in the alpha-spectroscopic experiments contained admixtures

of zv‘“Am and #3Am, Naturally, even a small admixture (by weight) of alpha-radioactive americium isotopes
with mass numbers of 241 and 243 in the source may mask some weak alpha lines of the ™Am spectrum that
almost coincide in energy. : '

TABLE 1. Alpha Decay of 2™Am

Present study 4]
Eg, I, % ‘ Eyo | I ]Elevs
o keV o % Elev, keV eV A kgV
5543,3 * — 0
5517,3% 0,0 26,5*%
. , 0,14 86,6
5409,3 1,04 136,3 54111 1,2 136
5367,2 1,17 179,1 5367 § 1,5 180
5313,5 0,69 233,7 5315 | 0,8 233
~5273 0,86 ~274 _ S
5250,0 0,04 298,3 :
5248,2 ~0,11 300,1 5248 | 0,6 300
524477 0,03 334,37
5206,8+0,5| 89,84 - 34%15 5207 | 89 343
5173,7 375,8 :
~5173 } B et
5153,3 - | . 0,02 396,6 »
5141,6+0,5] 5,82 - 408,48 || 5142 | 6,1 410
5088, 4 0,19 462,6. | 5088 | 0,3
5082 0,03 468,6 469
5064,2 0,22 437,2 || 5067 | 0,2 | 486
5027,1 0,02 524,9
4974,9 ~ 0,002 ~578
*Determined from gamma radiation.
tPossible admixture of agg Hom,

. Translated from Atomnaya Energiya, Vol. 47, No, 6, pp. 404-405, December, 1979, Original article sub-
mitted January 8, 1979.
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Fig. 1. Scheme of energylevels
of the %% Np nucleus.

The investigation of the alpha spectrum of 242IMA 1 was carried out immediately after the preparation of
the source in an alpha-particle energy range of 4800-5570 keV. Most of the spectrum was taken at an alpha-
spectrograph resolving power of AE,=2.5 keV, A number of exposures lasting 10-100 h were taken. The
alpha particles were recorded with A-2 photoplates. The results of the analysis of the alpha spectra are shown
in Table 1. Here we list the energy of the alpha particles (E, keV), their intensity @y, %), and the energy of the
levels (Ejqy, keV) of the odd—odd nucleus 2BNp. It appears that the alpha spectrum of 22mMAm contains in the
high-energy part a few more weak alpha lines masked by the more intensive alpha groups of the spectrum of
1Am, In the first part of the table we summarize the data obtained by F. Asaro et al. and shown in the table
of isotopes in [4] (see also [5]). A comparison of the results shows that in these experiments more than 12
new groups were found in of the alpha spectrum of UMMA :

Energy Levels of the *¥Np Nucleus. In the élpha-particle range investigated, we discovered more than
20 alpha groups corresponding to alpha transitions to the excited states of the 28 Np nucleus (see Table 1).
Thus, the scheme of energy levels of this nucleus, shown in Fig. 1, contains more than 20 levels in a relatively
narrow range of excitation (0 ~ 600 keV). Here we show only the experimentally discovered levels from the
alpha decay.  The energy of the @, line was determined from the gamma radiation (E}=86.68 + 0,03 keV). The
gamma spectrum was studied by means of Ge(Li) and Si(Li) detectors, with an americium specimen having the
same isotope composition. Most of the detected gamma transitions in the 238Np nucleus are shown in the
scheme,

As can be seen from Fig. 1, the scheme contains seven bands. The initial levels of these bands have
quantum characteristics IrN=2"2 [1] (the ground state of the *®*Np nucleus*); 3; 3 3; 575; 676; 575 [2] (the
favorable band); 676. This sequence of bands and their quantum characteristics do not contradict the classifi-
cation from the standpoint of odd proton and neutron Nilsson orbitals of adjacent odd nuclei of 1AM and *5Cm
[5, 6]. According to this classification, it is not impossible that the lower part of the scheme contains bands
with initial characteristics 272. The levels with Ejey~ 216 and 258 keV, which we found but which are not listed
in the table, are af)parently members of this band.

The authors are grateful to A. A, Artyunov, Yu. N. Dmitriev, and K. I. Merkulov for their help with the
alpha-spectroscopic investigations, and also to V. A, Davidenko for his attention to and interest in this work,
We thank V. A, Pchelin-and V. M, Shubko for some of the radiochemical work, and Yu. F, Rodionov and Ts.
Vylov for their help in the study of the gamma spectrum.
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NEW MEASUREMENTS OF THE PARTIAL HALF-LIVES
- OF AN ISOMERIC STATE OF 24?MApy '

A, G. Zelenkov, V. A. Pchelin, ' UDC 539.1.14:539.1.16
Yu. F. Rodionov, L. V. Chistyakov,
and V., M, Shubko

In recent years, in connection with the needs of nuclear power generation and various branches of the
atomic industry, much attention has been given to the question of the need to obtain more accurate nuclear data
- on actinides [1], and in particular the half-lives of the transplutonium elements [2, 3]. One of these insuffi--

ciently studied nuclides is the long-lived isomer 2#MAm, whose lifetime and partial half-life with respect to
alpha decay were described 20 years ago in [4]. They were found to be equal to 152 + 7 and (3.20 £ 0.16) - 10* yr,
respectively. -

We made repeated measurements of these values in order to verify them and make any necessary cor-
rections. A product with high enrichment in the nuclide under investigation was used for the measurements.
The simplest problem was to determine the partial half-life with respect to alpha decay., It was calculated from
a comparison of the mass ratio of **™Am and #™Am in a product with an alpha radiation spectrum measured
with semiconductor spectrometers and a magnetic alpha spectrograph and was found to be (3.12 + 0.05) * 10! yr.
In the determination a value of 432.6 + 0.6 yr [3] was used for the half-life of 2!Am., '

The total lifetime of 2*™Am was measured by two methods. In a freshly purified product, using a semi-
conductor alpha spectrometer, we made four series of measurements of the accumulation of the 22Cm formed
as a result of the beta decay of *?Am. The rate of accumulation of the alpha activity of 22Cm with respect to
~ the alpha activity of 2™Am was found to be (3.22 + 0.04) - 10~2h~!, This made it possible to find the half-life
of 242MA . o : '

. T“z =141.9 +1.7 ye.

'In the calculations we used the following values for the half-life of 2Cm and the ?Am beta decay branch:
162.8 + 0.4 days [3] and 83 + 0.5% [5, 6].

To determine the half-life of 4*™Am, we also made measurements of the ratio between the intensity of
the alpha radiation and the total intensity of the conversion radiation and beta radiation of 22MAm and 22A m,
using proportional 47 counters. For maximum effectiveness in the recording of the low-energy radiation, the
product was mounted on thin gilt films, We took account of the correction for the accumulation of 2420m,_ found
by parallel measurements using a semiconductor alpha spectrometer. Measurements were made on seven
targets made of freshly purified product. The ratio of the total intensity of the conversion radiation and beta
radiation of 2*™Am and #?Am to the intensity of the alpha radiation of 24!™Am was found to be equal to431 & 6.
From this we obtained a value of Ty, “*™Am=139.7+ 1.8 yr. In the calculations it was assumed that the rela-
tive intensity of the electron capture of *?Am in the ground state is 6.5 0.3% [5, 6], and the fluorescence yield
is 0,96. On the basis of our measurements, we recommend adopting a value of 141 + 2 yr for the half-life of
#MAm and 0.45 + 0.01% for the probability of alpha decay. ~

Translated from Atomnaya Ener‘giya, Vol. 47, No. 6, pp. 405-406, December, 1979. Original article sub-
mitted January 8, 1979. ‘
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DETERMINATION OF REACTIVITY EXCESS FROM RESULTS
OF CRITI'CAL AND SUBCRITICAL EXPERIMENTS

A, Yu. Gagarlnsku, O. E. Zhukov, : uDC 621.039.519:621.039.519.2 -
A, F, Zaitsev, V. V, Petrov, : , oo
R, R Sadykov, and L. 8, Tsygankov

The prediction of the behavior of a reactor during operation from calculations of the change in the neu-
tron multiplication factor kegf or the reactivity p is based on a determination of the initial reactivity excess.
which is compensated by control rods. Experiments near the critical state or in the subcritical state of the -
reactor determine a value which more or less closely approximates the reactivity excess sought.

_ Suppose for simplicity that the reactivity of the reactor depends on two parameters @ and b which can
range over values
: - ay<aLagandh b h,
such that
. P (am by) —-P (ay, bg)= ’ )
The typical procedure in experiments near the critical state is to measure the derivative of the reactivity
with respect to one of the parameters over a range which ensures that the system can be maintained in a cri-
_ tical state by varying the other parameter. The measured value of the derivative, e.g. (8p/db) [acr(b), b] is
used to compute the "integral reactivity"

bo (2)
pz = S 9p1db |ag (b), b} db, ,
. N . '
which differs from the reactivity excess
. bo.- » (Za)
Po=p (2, bu)= | 0p/b (ag, b} b
. by . .

by the amount

T T P | - @)
a' .
Ap=py— ps=\ db S Sa =— da. v . 7

b
. by acl‘ )

The différence between the values of the reéctivity for two states of the reactor
Pa=p (2o, 5*)—p(ay, %, | o “
where b* <b,, is determined from subcritical experiments. It is easy to show that '

aa b | B )
A_P’—‘Po'—Pa—S S et da. . .

b*

Translated from Atomnaya Energiya, Vol. 47, No. 6, pp. 406-407, December, 1979. Original article subf
mitted January 8, 1979. '
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Fig. 1. Integral reactivity as a function of core radius: ) SmaScore <

SmaScorelopt; 8) Smalcore™ (Sma/Score)opt; V) Sma/Score > SmaScorelopt
(parameters a, b): O) parameters a, c; @, B) parameters by, Cy,2.

Fig. 2. Reactivity excess as a function of core radius;

) calculated; no- -
tation same as in Fig. 1. ' : 4

Thus, the difference between the reactivity excess and the measurable quantity is determined by the sign

and magnitude of the mixed derivative of the reactivity with respect to the two parameters. In some simple

cases, for example for a bare homogeneous reactor, Ap ((3), (5)) can easily be determined withir the framework

of the accepted slowing down model, and even turns out to be zero [1]. However, in a typical experiment with

a reactor having a reflector py, (2) determined by adding moderator and unloading fuel may differ appreciably
- from the reactivity excess sought, and it is recommended [2] that correction (3) be calculated.

In general, a calculational analysis of corrections (3) and (5) is clearly necessary, although it is a cum-

bersome addition to experiments to determine reactivity excess. The effectiveness of using few-group calcu-
lational methods developed for a wide class of systems [3] was shown by the example of a compact uranium
reactor. The high sensitivity of keff to the core shape as a result of its small size per mitted an experiment to
be set up in such a way as to ensure the measurement of both the sign and magnitude of the correction Ap 3)
over a wide range,

Experiments were performed with a practically homogeneous core composed of assemblies of closely

packed fuel elements and surrounded by an infinite water reflector. The reactivity was changed by moving down
several adjacent central assemblies as is done in controlling a water-cooled water-moderated power reactor
_ (their position is parameter a), changing the radius of the core by varying the number of assemblies (parameter
_b), and by poisoning the moderator with boric acid (its concentration is parameter c).

It is easy to see that for a given core there is a certain optimum number of céntral assemblies whose

withdrawal gives a maximum change of reactivity. Then by varying e and b and maintaining a critical state of
the system, the sign and magnitude of the mixed derivative (8/3b)(9p/6a) and the corresponding correction Ap
(3) are determined by the sign and magnitude of the difference between the ratio of the cross-sectional area of
‘the mobile assemblies (ma) to that of the whole core Sy, Score and its optimum value Smalcore opt:

The experimental procedure in critical experiments consisted in measuring the reactivity for small devi-

ations of a from the critical value and varying b or ¢, In the first case the measurements were performed for
three variants of the number of displaced assemblies: one close to optimum, one larger, and one smaller, In
the second case measurements were made for two values of b. The values of py (2) attributable to a core of a
certain radius (Fig. 1) were obtained by integrating the 8p/8a curves from the critical value of ¢ (for an un-
poisoned core of given radius) up to its value corresponding to the two parts of the core being completely
together. In subcritical experiments by varying b (S8mg =0) for two values of ¢ the reactivity p, was determined
by the Simmons —King method [4] with a theoretical—experimental correction for the dependence of the neutron
generation time on the core radius.
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The values of kggp in the range of variation of a, b, and ¢ were calculated in the two-group diffusion ap-
proximation. The macroscopic parameters of the medium were obtained by using a lattice homogenization
program with a four-group representation of the neutron spectrum with universal constants in the slowing~down
" region to resonance energy, and treating thermalization in the modified monatomic gas approximation. The
range of variation of parameters in the two-dimensional calculations was chosen to be completely adequate for
the experimental range, which permitted the determination of the calculated value of py (2) just as in the
experiments, i.e., by integrating the differential reactivity with respect to the parameter a. The values of p
(4) were calculated similarly for the experimental values of b and ¢. The calculated corrections Ap (3, 5) were
determined from these results and the calculated values of the reactivity excess of a core of given radius py(R).
The reactivity excesses obtained by summing the experimental values of py, py and the calculated corrections
Ap are compared with the calculated values of pg in Fig, 2, Figure 2 shows that the experlmen_ml values of the
integral reactivity for cores of the same radius vary by as much as 40% depending on the method of measure-
ment (Fig. 1), but when the calculated corrections are introduced the values of the reactivity excess agree
within the limits of experimental errors. The difference between the experimental and calculated values of a
large reactivity excess is comparable with the characteristic error in calculating kqgp of uranium reactors by
few-group methods (~1079.

Thus, the calculation of kegr for states of a reactor which can be realized in experiment practlcally com-
pletely removes the difficulties of interpreting the results of measurements of large reactivities and enables
one to obtain the correct value of the reactivity excess.
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"EFFECTS OF THE EXIT CHANNEL ON THE NEUTRON
DISTRIBUTION IN BERYLLIUM |

V. N. Bogomolov, V. S. Gal'tsov, - ~ UDC 621.039.562.24
I. I. Zakharkin, and P, P, Prokudin - '

It is often necessary to have a cavity to accept specimens or to extract the neutron beam in many neu- :
tron-physics experiments such as irradiating specimens. :

The exit channel causes anisotropy in the physical parameters of the medium, and it therefore perturbs
the neutron distribution. The perturbation is naturally related to the dimensions of the channel, the form of
the cross section, and the magnitude and direction of any neutron concentration gradient. '

The perturbation can be examined for a particular system by extrapolation to a channel of zero cross -
section. For this purpose one makes measurements with channels of various areas. Very often, an integral
method of measuring the neutron energy spectrum is employed, e.g., anactivated indicator is used to record
the distribution with and without the channel, It is then nécessary to perform an energy-dependent correction
for the detailed conditions. ’ '

In general, the channel produces a perturbation in the neutron distribution, but the energy spectrum may
be only slightly dependent on the spatial coordinates, in which case the perturbation caused by the channel con-
tains no energy dependence and merely amounts to a change in the neutron density near the channel. This type
of perturbation is common in systems with crystalline moderators (graphite, beryllium, and beryllium oxide).
This occurs because the energy dependence of the transport cross section is only slight for thermal neutrons
above the Bragg limit. For the above materials, for example, the region where the irregularity in oy becomes
inappreciable starts at about 0.03 eV,

Translated from Atomnaya Energiya, Vol. 47, No. 6, pp. 407-408, December, 1979. Original article sub-
mitted January 8, 1979.
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Fig. 1 Basic dimensions of the berylhum pr1sm containing the channel and geometry
of the experiment,

'Fig. 2. Distribution of the neutron density along the axis of the beryllium prism for
channels of various cross sections (statistical errors in the experiment not more than
1%): O) diameter 1.2 cm; @) a= 4cm,b 4cm; A) a= 8 b 4; ——=)a= 4 b=12; A)a = .
12, b=4; D) a=12, b=12.

‘The fraction of the neutrons for which oy, differs from a constant makes only a small contribution to the
density, which can be neglected to a first approximation, i.e., it is possible to assume that the spectrum is
everywhere the same. On this basis it is assumed that the energy spectrum of the neutrons in such a system
is more invariant under the perturbation than it is for example in assembly containing a hydrogenous modera-
tor,

There are theoretical discussions [1-3] of the effects of cavities on the flux distribution; the diffusion
"approximation is commonly used, which is simple and obvious, but it has certain limitations in this field. On
the other hand, the use of more rigorous methods is not always justified. Therefore, in certain instances it is
des1rab1e or even necessary to perform an experimental check on the perturbation, particularly for systems of
small size.

We have examined the effects of the exit channel on the neutron density distribution in beryllium by mea-
suring the neutron density at the axis of a beryllium prism for various cross sections of the exit channel (F ig. 1).
The neutron detector was an SNM-13 counter, which moved within an aluminum tube of diameter 12 mm lying .
along the axis of the channel, - The efficiency of this detector is inversely proportional to the neutron speed, so
the neutron count rate is proportional to the neutron density. The prism was exposed to a *2Cf neutron source
providing about 1.7-107 neutrons/sec, which was placed in the prism with the coordinates shown in Fig, 1.

Figure 2 shows the measured distributions along the axis for channels of various sizes; the initial dis-
tribution was that obtained with a through channel of diameter 12 mm. This is described satisfactorily by a
Gaussian distribution: _

' _ @ (z) = exp [ — (z—d)?/20%],

where ¢=16.8 cm is the standard deviation, d=42 cm being the point representing the peak. Figure 2 shows
that a channel of dimensions up to 4 x 4 cm introduces virtually no perturbation into the neutron distribution
whereas a channel of 12x 12 ¢m reduces the neutron density. at the bottom of the channel nearly to half and
substantlally distorts the general distribution.

The main conclusion is that the exit channels commonly used in physics experiments, which are rarely
larger than 4 x 4 c¢m, introduce virtually no distortion into the neutron density in a beryllium system if the
dimensions are larger than those used here. Calculations by the method of [3] agree well with these experi-
ments, although the calculations are based on an infinite block of beryllium.
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AN EDDY-CURRENT METHOD OF CHECKING
FOR LEAKS OF WATER (STEAM)
IN A LIQUID-METAL COOLANT

V. N. Tipikin - o UDC 620.179.14(088.8)

Experience with the BN-350 fast-reactor during 1972-5 [1] has shown that fast systems are needed for
monitoring leaks of water into the sodium. The method of measuring the electrical conductivity of the sodium
by the use of eddy currents is applicable. The excitation coils are fed with ac and induce eddy currents in the
pipeline confaining the liquid metal, whose strength is dependent on the conductivity, which in turn is affected
by the presence of any bubbles, etc. The magnitude of the eddy current and therefore the number of bubbles
can be judged from the current in the exciting coil or the emf in special measuring coils. '

Published data indicate that this method is widely used abroad in research systems for observing the
penetration of gas or steam into liquid metals and can be used on industrial systems [2-7}]. The applications of
instruments of this type are restricted by the fact that the transducer signal is substantially dependent on the
temperature of the metal and on the temperatures of the windings. The signal from the eddy-current transduce:
due to temperature change may be comparable with the signal produced by the passage of bubbles of gas or
vapor. The signal is also affected by the resistance of the working winding, the conductivity of the liquid metal,
and details of the working coil, particularly temperature-dependent changes in the geometry. Preliminary
experiments have shown that 60% of the overall temperature error is produced by inductance change in the
working winding (due to temperature-dependent change in the geometrical dimensions), while 309 is  due to
change in the resistance and 109 to change in the conductivity of the liquid metal.

Here some test results for eddy-current transducers developed in 1969-72 for monitoring for continuity
in liquid-metal coolants are presented [8, 9]. Each transducer consists of working (inductive) and compen-
sation sections. The thermal-compensation section is made with 'a,‘ bifilar winding to have a resistance equal
to that of the working section, The two sections are placed in a common body and are geometrically identical
and are exposed to identical temperatures: they are connected in adjacent arms of an ac bridge. An oscillator
is connected to one diagonal and a measuring instrument to the other. The other circuit components are
designed such that thé impedance changes in the adjacent arms in response to any change in the temperature
are equal to modulus and phase.

The instrument has been tested with liquid-metal testbeds filled with sodium at 300-450°C with injection
of argon, water, or water vapor into the loop. The flow rate of the metal was measured with magnetic flow-
meters, while the flow rate of the gas or vapor was measured with a throttle. Means were provided for sep—
arating the gas or vapor.

The secondary instrument was an ID-2I unit designed for use with inductive pressure transducers of -
differential-transformer type. The signal was passed to a KSP-4 recording potentiometer.

The sensitivity was found to be high (about 7/mV 19 gas without amplification), while the results were
highly reproducible and the detection of artificial leaks was reliable. The lag in response was determined by
the time needed for the gas to travel from the leak to the transducer. The time constant of the transducer it- .
self was a few milliseconds. The transducer has worked for 2.5 years to a total of over 4000 h in one s ystem,
The instrument has also been used to check for a separation of gas from a ligquid-metal loop and for testing
various separation devices. :

A similar instrument has been used since early 1977 for checking the filling of pipelines with sodium.
This was set up on the sampling line in a BR-10 experimental reactor. The secondary instrument in the sodium
sampling was an INI-3 induction transducer developed at the Power-Physics Institute and fitted with remote
sound and light signals. The output signal was linearly related to the gas content.

Translated from Atomnaya Energiya, Vol. 47, No. 6, pp. 409-410, December, 1979. Original article sub-
mitted January 8, 1979; revision submitted March 16, 1979,
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Eddy-current measurement of the conductivity thus serves to define the volume of gas in the liquid metal
provided that the temperature is constant: the temperature dependence arising from change in the inductance
of the working winding caused by changes in the geometrical parameters was eliminated by a desigh in which
both sections of the winding (working and compensation) were completely identical both geometrically and elec-
trically and were at identical temperatures. The inductive coupling between the compensating winding and the
metal was eliminated by additional components.

Tests were done with sodium in cold tubes of diameter 32 mm containing hollow capsules to simulate
bubbles of gas; it was found that the bubbles of diameter 2-3 mm could be detected reliably. The signal at the
amplifier output from a bubble of diameter 3 mm was about 250 mV as measured with a vacuum-tube voltmeter.
It was also possible to observe smaller bubbles, e.g., of diameter 1 mm, A report [6] claims detection of bub-
bles of diameter 0.38-0.62 mm rising freely in an immobile coolant. It was said that a bubble of diameter
0.1 mm gave an output signal of 10 mV, which agrees with our data. We developed and tested transducers for
pipes of diameters 10x 1, 32x 3, 48 X 4, 75X 5, and 300 X 12 mm in which the tubes pass through the center, and
also surface-mounting ones for pipes of diameters 32 x 3, 75 x 5, and 108 x 7 mm, which had inductances from

. 2 to 200 mH and which could be fitted with magnetic cores,

Tests on the design for pipes of diameter 300 X 12 mm were performed with a system consisting of a
vertical section of pipe closed at the bottom and passing axially through the coil. The working medium was
Wood's alloy. Hollow nonmagnetic capsules were used to simulate bubbles, which were introduced into the
molten alloy in the upper part. The simulated gas contents ranged from 0 to 10%. The secondary instrument
was a PTDT-L transducer designed for working with differential-transformer pressure transducers.

The tests showed that, in principle, it is possible to use these coils with pipelines of large diameter and
wall thickness 10-15 mm; the sensitivity to deep bubbles was reduced because of the exponentially decreasing
eddy-current density. The sensitivity over the initial part of the scale (for gas contents of 1-3%) was 60 mV
per 1% gas. '

One of the secondary instruments developed at the Power-Physics Institute has transformed input and a
double phase-sensitive bridge circuit (Graetz circuit) [10]. The instrument contained stabilized oscillator and
power amplifier. The output went to a KSP-4 pen recorder. The adjustment was such that the maximum
deflection at the built-in microammeter (10 pV) or at the potentiometer (10 mV) corresponded to a volume gas
content ¢ of 10%. :

Experiments showed reliable detection of water leaks corresponding to hydrogen contents from 0.15 to5%
by volume with the metal at 300-350°C. The magnitude of the signal fell considerably by 400-450°C, and the
fluctuations in the signal arising from passage of hydrogen bubbles (produced by reaction of the water with the
gsodium) became smaller by an order of magnitude, and in some cases no fluctuations were visible. It seems
that the hydrogen dissolves completely in the time required for the sodium to pass along the loop from the site
of production to the transducer. However, the instrument still recorded an increase in signal of 2-5 mV due
to the conductivity change. In certain experiments with brief injection of water (steam), the reading of the
instrument went off scale in a few seconds, with a slow return over several minutes to the initial state as the
impurities were removed by the cold traps.

At 300-350°C, the instrument recorded clearly the instant of the leak (as corrected for the transport
time) and gave highly reproducible results at identical gas contents. Nevertheless, there was considerable
temperature dependence for small leaks (about 10 g/h or 0.01% gas by volume), which requires further improve-
ment of the instrument.

The Power-Physics Institute is currently testing eddy-current transducers with improved thermal com-
pensation of surface-mounting and demountable types, with or without magnetic cores, and is also working on
reducing the dimensions and improving the circuits of the secondary instruments. Preliminary test data indi-
cate that it should be possible to device a means of detecting steam leaks into sodium free from any tempera-
ture dependence and having a sensitivity such as to detect reliably a leak of 0.01% by volume of hydrogen.
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THE TEMPERATURE DISTRIBUTION IN A FUEL
PIN AND SHEATH WITH RADIATIVE HlEAT TRANSFER

V. F. Kuznetsov S - | ~ UDC 621.039.517.5

‘Measurements have been made [1, 2] of the radial and azimuthal energy distributions in a thick block in
a heterogeneous reactor (p, ¢ geometry). The present study is a continuation of [3] that presents an analysis
of the fine structure of the temperature pattern in the cross section of a fuel pin arising from nonuniformity in
the energy distribution. '

We envisage the case where the fuel core V; and sheath V, are separated by an evacuated gap (with heat
transfer in accordance with Stefan's law via the surfaces S; and S;), while the heat transfer from the outside
surface S; in accordance with a nonlinear law, Then the calculation of the temperature pattern T(r), r= {p, o}
(with the coordinate system centered on the rod) involves solving the following boundary-value problems:

VAV (1)=—g(r), r€V4

() DO (7 (1), T ()L, €S, KE Sy | '
o VT (1) =0, eV

— 10 D= [T (1), T (), 12 €Sa, L€
—Mrs)"“’“ =g(T (r)l, LESs @

where 9/6ng are the derivatives along the exterior normals to the surfaces 8 ¢=1,2,3); f[T(rs), T(rs)] =u[T.

rs)i— T(rs)4] n=08pe; 0 i8S Stefan's constant: &= €[ T(rg), T(rl)] is the effective degree of blackness of §;

and Sy; [T (r)] = 2 F,T (r,)»is a given nonlinear function for (m= 2); k is the ratio of the radii of the core and
=0

sheath, which characterlzes the size of the gap. .

The problem of (1) and (2) can be solved by iteration with a finite-difference or finite-element method
as for a simpler case [4]. However, such calculations are too laborious for engineering purposes, and also the
iteration may not converge because of the nonlinearity of the boundary conditions. It is therefore best to split
up the treatment into two stages. In the first, we determine the temperatures of the surfaces § (=1, 2, 3),
while the temperature pattern within the core and sheath is calculated in the second stage with the known'
boundary temperatures, which causes no difficulty and can be performed by any standard method.

We consider the first of these stages, in which (1) and (2) are reduced to certain integral equations for
the unknown boundary temperatures. Inregion V; (fuel block) the solution is sought in the form

T ()= T2 (r) 4 T* (),
where TV(r) is determined by

VA(r) VT2 (1) = — gy (1), T € V3 (3)
To(rs)=0, rg€ S;.

For TS(r) we have A(r)VTs(r)=0, r€ Vy;

— (T ——--—‘71;’.‘:*) =F [‘%Z (re), T (ra), T (r;)], rs€ 81,1, Sy

Translated from Atomnaya E'nergiya, Vol. 47, No. 6, pp. 410-411, December, 1979, Original article sub-
mitted January 8, 1979,
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Fig. 1. Relative temperature distribution T(p, @) in a fuel rod in
relation to azimuthal angle ¢ and distance from the center: 1)

p=0.2rc; 2) p=re; 3) p=ry (rc is the radius of the fuel core and
rg is the outside rad1us of the sheath)

Fig. 2. Relative azimuthal distribution of the heat flux qg (o, ¢)
‘at the surface of the fuel core (1) and the outer surface of the
sheath 2). :

We now consider the auxiliary problem
VA () VG (r, 1) =0, T € V3, 14 € Sy

G (v, 75) =08 (rg, 13), ¥, 11 € 8. . (4)

"I‘hen

_S ;,(,;)M T* () dry = F_[ oo Teee), T;)] e 1€ 51, 11€S,. ‘ G)

This is the integral equation for Ts(rs) =T(rs) on S;, We can use any quadratic formula to get a system of non-
- linear equations for the temperatures at the nodes of the boundary net. We supplement (5) with analogous
equations for the sheath and get a system of three nonlinear vector-matrix equations for the unknown boundary
‘temperatures : _

AT\ =F), 1=1,2,3. (6).

Here (6) is solved by successive approximation, with each equation within an approxixhatio‘n solved by Newton's

" ‘method. Although the kernel of (5) is degenerate, the equation can be solved by Newton's method because

v : (8F/a’l‘) TS(@r}) is transferred from F to the left, which gives us a new kernel l(r)m aF a7 8(rs, 1) that is not

o degenerate

‘'The problem of (4) was solved by a grid method with standard algorithms, as was (3); the iteration in
each case can be carried through analytically [3] when the form of the distribution has been established and only
- ‘the amphtude alters (regular mode). The kernel of (5) is derived from the solution of (4) on the basis

A(ry) 20t o M) (6 (r,—An, 1) —8(r,, )}

and this requires the calculat1on of G(rg—An, rg) only for one fixed value of the aximuthal angle, since the pro-
blem has rotat1onal symmetry.

Detailed results were obtained by writing the Tempo program in FORTRAN for the BESM-6 electronic
computer; Figs. 1 and 2 show the azimuthal temperature distribution T(p, ¢) and the radial temperature flux
qs(p, ¢) for the fuel loss at various distances from the center. The energy distribution in the fuel rod was
derived from [1, 2].

The distributions for the temperature and radial heat flux of Figs. 1 and 2 are for the case where the
properties of the fuel and sheath are dependent only on the coordinate [A=A(r)]; the temperature dependence of
the thermal conductivity [A=A(T)] presents no obstacle to the use of this method in such cases. Itis sufficient
to use aKirchhoff transformation for the purpose. Therefore, the method can be used to calculate temperature
patterns in fuel rods with uneven energy production and nonlinear boundary conditions.

I am indebted to V A, Lobyntsev for assistance and Ya. V., Shevelev for valuable criticisms and useful
discussions. :
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A HOT-NEUTRON GENERATOR WITH A ZIRCONIUM
HYDRIDE RETHERMALYZER

B. G. Polosukhin, V. G, Chudinov, ' UDC 621.039.556
B. N, Goshchitskii, V. V, Gusev, : '
and M., G, Mesropov

A hot-neutron beam of energy 0.1-0.5 eV {wavelength A~ 0.9-0.4 A) is required in many experiments on
the physics of solids and liquids. The proportion of such hot neutrons is small in the thermal-neutron flux
from a nuclear reactor. The proportion in a given energy range can be increased by shifting the energy dis-
tribution to a higher energy range by means of a rethermalizer operating at a reasonably high temperature.

Current hot-neutron generators (HNG) usually employ graphite as the rethermalizer, or else beryllium
or beryllium oxide, in each case as a block of diameter 110-200 mm and length 100-300 mm at T=800-2000°C
[1-4]. When the HNG contains one of these materials, the increase in the hot-neutron flux relative to the value
gy for the empty channel is by a factor 3-7 at 0.25-0,35 eV, the exact value being dependent on the reactor type,
rethermalizer material, dimensions, temperature, and position relative to the core [1-4]. These values are
much less than the calculated ones if one considers only the temperature change in the Maxwellian spectrum,
which is due to the restricted size of the rethermalizer block and the remoteness of the surface from the core,
in addition to the neutron absorption in the material of the rethermalizer and other components.

It has been suggested [2] that an HNG should be baséd on a zirconium hydride rethermalizer. The large
scattering cross section of the hydrogen should result in good rethermalization with small sizes and therefore
shorter distances of the HNG from the core. However, it is impossible to heat zirconium hydride above 700-
800°C without measures to prevent the hydrogen from escaping. Here we discuss results on an HNG w1th a
ZrH; ;+1% Nb rethermalizer,

- _Apparatus.  The generator (Fig. 1) is placed in a vertical VEK-; channel in the IVV-2 reactor, which is
linked to a GEK-1 horizontal experimental channel directly behind the reflector. The device consists of an out-
side evacuated aluminum jacket, within which there are two hydride disks of diameter 150 mm and thickness
20 mm each enclosed in sealed jackets.of stainless steel of thickness 0.8 mm. Means of terriperature control
are provided. A gap of about 10 mm between the disks improves the heat transfer if the temperature rises too
high on account of radiation heating. The heat shield is installed between the outer and inner jackets. The
cavity between the outside body and the jacket can be evacuated to ~1+107% Hg or filled with helium gas.

The overall thickness of the rethermalizer is about 40 mm and was chosen on the basis of measurements
on a reactor model [5]. The temperatures of the rethermalizer and outside body were monitored with three
Chromel —Alumel thermocouples. The outside body was in good thermal contact with the horizontal channel,
which provided cooling. Radiation protection was provided by a shielding plug of length about 2 m in the upper
part of the HNG. Any possible release of hydrogen from the hydride was monitored from the pressure, which
was measured by a standard manometer. Cables suspend the HNG freely at 1-1.5 m above the core.

Test Results and Discussion. The HNG was tested with the reactor operating at 10 MW (the fast-neutron
flux at energies above 1 MeV was about 2.5 - 10'2 neutron/m? *sec at the point of installation of the generator,
while the thermal-neutron flux was about 10!% neutron/cm?- sec and the y-ray dose rate was about 3.2 * 10* RAec.
It was found that the most suitable working temperature for the hydride, T® 700°C, could be attained without
evacuating the gap., There was no hydrogen release during the 2-week test per1od The temperature of the out-
side body was about 350°C.

Translated from Atomnaya l:lnergiya, Vol. 47, No. 6, pp. 412—413, December, 1979, Original article sub-
mitted January 13, 1979; revision submitted March 12, 1979.
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Fig. 1. General design of the HNG: 1) horizontal reactor channel; 2) zir-

conium hydride; 3) support; 4) heat shield; 5) outside jacket; 6) reflector; 7)

rethermalizer thermocouples; 8) outside-jacket thermocouple; 9) vertical

channel; 10) flexible vacuum connections; 11) shielding plug; 12) nonreturn

valve; 13) gauge; 14) pumping system; 15) power stabilizer and supplies; 16)

time analyzer; 17) counting system; 18) neutron detector; 19) mechanical neu-
tron chopper; 20) collimator. :

Fig. 2, Increase in the yield of hot neutrons in relation to energy (the points
are from experiment).‘

» The neutron spectrum from the HNG was highly distorted; it was represented by a Maxwellian distribu-
tion with a temperature Tp of 860°K for the energy range ~ 0.25-0.14 eV, as against 625°K for ~0.14-0.0735 eV
_ and 415°K for lower energies, which indicates incomplete rethermalization of the thermal neutrons in the HNG,
Figure 2 shows the yield of hot neutrons after the system relative to g, for various energies. The resuit is
g0~ 3.2 for about 0.2 eV, which agrees satisfactory with the data obtained for the physical model for the IVV-2
reactor [5]. The fraction of fast neutrons at the exit from the channel, as determined from the cadmium ratio,

- was roughly halved by the HNG, which means that the ratio of the useful neutrons to the background ones at
~0.2-0.25 eV was improved by a factor 6-10.

The results of [1-3] relateto HNG with rethermalizers of graphite and beryllium oxide; the increased
yields of hot neutrons in both cases are similar up to an energy of 0.25 eV, The main advantage of the zir-
conium hydride system by comparison with a HNG using graphite or beryllium oxide at 1000-2000°C is the sim-
plicity of the design, along with reliability and safety in operation and much smaller size. The latter was par-
ticularly important on account of the size restriction imposed by the channels. The design is simple because

the rethermalizer is at a low temperature (T~ 700°C), which can be obtained by radiation heating without spec-
ial insulating measures.

We are indebted to V. P. Panyushin and V, L Savin for collaboration.
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EFFECTS OF URANIUM-ORE SEGREGATION IN TRANSPORT
CONTAINERS IN RAPID GAMMA ANALYSIS

L. N. Posik and I. M, Khaikovich UDC 550.835

It is usual to employ Y-ray detectors mountedto the side of or above the ore in rapid evaluation of uranium
content during extraction and transport in various vessels (tubs, self-tipping trucks, and wagons). The conver-
sion factors (from the measured count rate to the uranium content) are determined by sampling the ores or by
the use of monitor radiation sources prepared from averaged ores of the given type. It is important to provide
identical physical and geometrical conditions in the y-ray measurements for the calibration and working
analyses, However, most types of cut uranium ore contain fractions up to 300 mm in size, where the uranium
is selectively associated with certain grain sizes. This is one of the main reasons for the systematic errors
associated with ore segregation during loading and transportatmn Usually, the finer grain sizes are the most
heavily enriched, for example the 5 mm class is 1,5-8 times richer than the 25 mm class, although in certain
cases (magnetite ores and lump-enriched concentrates) one finds the converse relationship. The nonunifor mity
in the wranium distribution affects the Y-ray results in a way more complicated than’ that for more usual forms
of ore sampling [1].

Ore seg'regatiori in y-ray amlysis may result in systematic errors because the larger fractions accumu- ‘
late at the wall of the container or because the fiher fractions accumulate at the bottom, particularly on long
transportation routes.

The estimated possible distortion of the y-ray distribution associated with each factor for a model wagon
taken as a parallelepiped of size X h xa [2, 3]. We assume that the cross section of the heap formed by the
large fraction during loading is a right-angled trapezium (with its vertex at the surface of the ore). The width
of the flanks at the base £, which lies at the bottom of the wagon, is defined by

alha == hE (a+ DandE = aal/ (a 4-1), - 1
where « is the proportion of large lumps- in the ore. ' '

Let B be the portion of the uranium in the large fraction (reckoned for the average for the wagon); the
content q in the rest of the ore is defined by .
ab+(1—a)g=1, g= (1 —aB)/(1—a). - (2)

If Ip is the maximum count rate for a uniform distribution of the uranium in the wagon with o =0, then the
relative change in the count rate P due to the segregation is »

. P =1y +ql /1o, @)
where I is the count rate due to the ore in the outer parts of the wagon and I, is the count rate from the rest of
the ore. -

In the ray approximation, the formulas for IO;I'l, and I, with the detector at the side are

@)

dz 3 ¢ (z, y,2) dz;
H

/2 h,  H+f

g @ {z, y;2) dx; )
H

Translated from Atomnaya Energxya, Vol 47 No. 6, pp. 413-415, December, 1979. Original article sub- '
mitted January 24, 1979, '
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TABLE 1. Values of I,/I; and L /1,

hy, CIN
@ i - . .
] 11} l 60 90 120
I/l
0 0,84 0,96 1,00 0,96 0,84
0,01 0,75 0,86 0,8 | 0,87 0,77
0,05 0,50 0,57 0,62 0,62 0,55
0,10 0,33 0,40 . 0,44 0,44 0,40
0,30 0,11 0,14 0,17 0,19 0,18
0,50 0,06 0,08 0,10 0,12 | 0,12
i, . . .
0 0 0 0 0 0
0,01 0,09 0,40 | 0,11 0,09 0,08
0,05 0,35 0,37 0,38 0,34 0,29
0,10 0,52 0,56 0,56 0,51. . 0,4.3
0,30 0,74 0,82 0,83 0,77 0,66
0,50 0,78 0,88 0,90 . 0,84 0,73

p rel, units

L ] 08 ] 1 I

l o
0 a1 gz 03 0% g5 [} Jo 60 90 120
: ) ) "o, rel. units h, cm .
Fig. 1 . Fig. 2

Fig. 1. Dependence of P on 'a for various values of B and hy=60 cm.

Fig. 2. The h dependence of I3/, for =1 (
0.7 (...0l). '

), 0.9 (———), 0.8 (—+—), and

72 hy oo
I9= j dy S dz S @ (2, 4, z) dz, (6)
=2 —hy H4-f

o o SRl —H/o) VATETA |, hy—z
where ¢ (= v )= P —; ’—§(1" 7
in the ore, and Hand hy are the distances from the center of the detector to the wall and to the bottom of the
wagon, where hy+hy=h, I +1,=1.

) i b is the linear attenuation coefficient for y rays

Table 1 gives results for I;/I) and /Iy for H=100 cm, h=120 cm, I =12 m, ¢=3.2 m for several values of
a and hy; it was assumed in the calculations that the ore density was p=1.5 g/m?, p/p=0.033 cm’,

~ Figure 1 shows P as a functioh of B, which indicates that the count rate falls from 0.9 to 0.2]; as « goes
from 0.01 to 0.5 for f=0 (the large lumps do not contain uranium). At the same time, P falls from 0.95 to 0.6
for the same range in « for =0.5; if the large lumps are enriched in uranium (8 >1), variation of o within the
above limit causes the relative count rate to increase from 1.02]; to 1.161; for $=1.2, as against from 1.05]; to
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TABLE 2. Values of L/},

h, cm Is
a 2 [_o
0 30" | 60 I 90 I 120 h
1 0,84 0,96 {1,060 | 0,96 0,84 | 4,6
0,9 0,85 0,9() 1,00 | 0,95 (),83 4,6
0,8 0,86 | 0,97 | 4,00 | 0,94 0,82 4,6
0,7 10,8710,98 | 1,00 | 0,94 | O, 181 4,6

1.41, for p=1.5. These cases correspond to loading the wagons with commerical material after radiometric
sorting, where the concentrator from the machine classes is enriched by a factor 1.2-1.6 relative to the initial
ore [4, 5]. Calculations show that with 0 < ¢<0.3 and 0.8 <B<1 2 the count rate is affected by amounts rangmg
from 0 to + 15% on account of the segregation.

We can estimate the effects from displacement of the fine enriched classes towards the bottom on the
assumption that the uramum d1s1:r1but10n over the height arising from this process is approx1mately linear:

4 () =atb(h—2), ()
where a and b are coefficients and q(0)=a tbh is the'mean uranium content at the bottom of the wagon. ’

Clearly, q(h/2) = 1, since this corresponds to the relative mean content of uranium in the wagon, i.e.,
atbhj2=1. ®)
The relative change in count rate on segregation due to this effect is defined by '

P=1I41, N : : © ©
where Io is defined by (4) and I is defined by modlfymg (5), in Wthh a=0 and the integrand is replaced by the
following expression on the basis of (7) and (8):

q(3)==a+2(1—a) [(h—2)/h)]. (10)

Figure 2 and Table 2 give results for P from (9) for the detector placed laterally, where h is the indepen-
dent variable and a takes various values,

These results show that the segregation effect results in an increase in the count rate in the lower layers
relative to the upper to an extent dependent on the a of (7); the sum of the count rates taken over the height h
(Table 2) is constant. Therefore, the effect of segregation of the small classes can be eliminated by averaging
the 7-ray measurements over the height of the ore bed. Therefore, rapid analysis of an inhomogeneous ore in
a wagon, particularly after prolonged transportation, should be by means of natural detectors whose sensi-
tivity is symmetrically distributed in the vertical plane. I the q(z) is linear, the center of the sensitive zone .
should coincide with the middle of the ore layer. The results are qualitatively confirmed by y-ray tests on
vertical distributions arising at the walls of the wagons containing ore before and after prolonged transpor-
tation,
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'MINIMUM-DEVIATION REGULATION OF XENON
OSCILLATIONS IN A REACTOR

B. Z. Torlin = - ' UDC 621.039.562 :621.039,512

, Studies have been made [1-3] on the stability of reactors against xenon oscillations for simple control
" algorithms for the regulators, e.g., ones that maintain the neutron flux constant at the transducers. The same
methods are applicable to the analysis of more complex systems and more efficient control techniques, for
instance minimum-deviation control by reference to a given distribution . Let the reactor core be fitted with

M transducers, and let ¢; be the deviation of the neutron flux from &j recorded by transducer i, Then N fastl )
P . M . . .
regulators (with M= N) require obedience to min' ) ¢i*: the reactor responds to a small perturbation x in the
L i=1. .

material parameter B% with a deviation ¢ in the neutron flux, which is described [2] by the equationt
‘ _ N - ' (1)
A9+ Bio+® (D) pjF;+2)=0, . _
i=1

where Pj and F j are the performance of the regulator j and the spatial location of that regulator, respectively.

We introduce the influence function yj for the control devices:

{A‘J’J+B§\Pj+®w'= —®Ff; j=1,2,...,N; : @
. 2, F
by, ) =0; vy LD
and the function yx
{Aw"“ Wat Ovy= — 0z ' ’ @
(b, D) =0; V= — Eg’ (;)) .
With these functions we get
. N - . )
P=AD+ 3} 07+ s, - ' @)

i=1

where A is an arbitrary constant.
. v
Clearly, 3, p;vj+vx=0 and it can be shown that minimum-deviation control is attained if the following
=1 :

. conditions are met, which define the aigorithm for the fast regulators:

(IH .

| 2 9:0:i=0; , , (5a)
i=1" . '
M .

A D, Prbuthy=0i =12, 1, ' (5b)
b= T

where A is a Lagrange multiplier} and ¥ij 18 the value of %j in the zone of transducer i.

This method has been used in a calculation on a homogeneous one-dimensional reactor with two control
rods and with the transducers uniformly distributed over the height of the core, Initially it was assumed that
the end of one control rod lies at one-third of the height of the core (zt— /3), and the other lies at a height of
two-thirds (z,=%).

*Weighting factors can be used with all the terms in the sum.

tWe consider a reactor without fast power feedback to the reactivity, which only simplifies the problem.

1If the reactor has fast power effects on the reactivity, there is no need for the parameters A and A in the first
term in (4) and in condition (5a).

Translated from Atomnaya Energiya, Vol. 47, No. 6, pp. 416, December, 1979. Original article sub-
mitted January 24, 1979.
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If there are two transducers, conditions (5) are identical to the conditions @1=0 and ¢,=0.* This isa
typical case of local control. The stability of this is characterized by the Randall factor [1, 4] u=8B(2,; change
in the disposition of the control rods does not affect the stability.

If there are three transducers, it follows from the (5) that we can provide minimum-deviation control if
3 .
the regulators maintain Y ¢,®,=0 and ¢;—¢3=0, and in this case also the stability is characterized by u=8B}

i=1
The smblhty does not alter if the control rods are placed with thelr ends at Y, and % of the he1ght of the core.
In the case of five transducers, it follows from (5) that the control rods must provide 2 o @; = 0 and (y; —ys)

(017 @5 + (P2~ 9g) (02— ¢y =0, and the second of these relations after derivation of the correspondlng values yj=
¥(zj) amounts to (¢; —@s * (92~ ¢4 =0. The influence function y(z) of a control of immersed to'a depth zy ina
homogeneous one-dimensional reactor takes the form

v (z)-— w [sin nzsinnzy 4 2n {

(1—z,) sin 7z cos zg — z cos nz sin aizy for 02z, | "
(1—2z) sin nz, cos z— z ¢ 08 Nz sin sz for z0<z<1

. Further, the value of p is SB% for five transducers and for an infinite number, from which we conclude
that the stability of a reactor with two control rods maintaining minimum-deviation neutron distribution is in-
dependent of the number of transducers. One assumes that an increase in the number of transducers should
improve the transient response without loss of stability. Other discussions [1, 3] deal with the height stability
of a reactor with an automatic regulator and shortened control rod. The end of the rod and the control chamber
lie at half the helght of the core, while the ends of the shortened control rod and the chambers lie at a point
Zq= Y, and z3= /4. It can be shown [1] that if the algorithm for the shortened rod is ¢y~ (p3 0, while that for the
automatic regulator is ¢,=0, then the stability of the reactor is characterized by u= 3Bo t From (5) we -get
that this system provides minimum-deviation neutron control if the algorithm for the shortened control rod is

maintained and the automatic regulator is required to produce 3‘ @;0; = 0 then not only will the transient

i
response involve minimum-~deviation control but also the stability will be considerably improved: p= 8B3. The
same factor characterizes the stability of this system with four transducers and also in the limiting case of an
infinitely large number. As in a reactor with two control rods, or in a reactor with an automatic regulator and
shortened control rod, the stability is not dependent on the number of transducers and minimum-deviation con-
trol is provided for u=8B3.

LITERATURE CITED

A, M, Afanas'ev and B. Z. Torlin, At, Energ., 43, No. 4, 243 (1977).
. A, M, Afanas'ev and D. Z. Torlin, At. Energ., 44, No. 6, 487 (1978)
A, M. Afanas'ev and B, Z. Torlin, ibid., p. 530.

D. Randall and D. John, Nucleonics, 16, 82 (1958).

W N

.

*In general, conditions (5) are identical to ¢.=0,1i=1, 2, ..., Nfor N =
TIf the automatic regulator is set to control 1he overall power then p 15B2.
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FISSION. CROSS SECTIONS OF 235y AND 238y
TO NEUTRONS WITH AN ENERGY OF 14.7 MeV

- I. D. Alkhazov, V. N, Dushin, - : UDC 539.17
. .8, 8. Kovalenko, O. I. Kostochkin, :
" K. A, Petrzhak, V. L. Shpakov, R. Arlit, V. Wagner,
.F. Weidhaas, V. Grimm,
R, Krause, G. Musiol,
‘H. Ortlepp, and R. Teichner

- The majority of the data on fission cross sections has been obtained by measurements relative to some
standard — the fission cross section of 2%U or the cross section of (n, p)-scattering by hydrogen. It follows
from this fact that measurements of cross sections by absolute methods, which permit normalizing the data of
relative measurements, are an important and timely problem [1]. This is especially true of 235U whose fission
.cross section is an acknowledged international standard.

Our reserach involved making absolute measurements of the fission cross sections of U and 2%y to

" ‘neutrons of energy 14.7 MeV as a joint effort by groups at the Dresden Technical University (GDR) and the V.
G. Khlopina Radium Institute (Leningrad) with the installations and accelerator of the Technical University,

* The measurements were made.by the method proposed in [2] of recordmg coincidences of the fission fragments

- and the o particle comoving with the neutron.

The neutron source was a neutron generator, the T(d, n)4He reaction was used, and the deuteron energy
was 130 keV. A target of fissionable material was irradiated with neutrons emitted at an angle of 13° to the =
direction of the deuteron beam, The neutron energy calculated for the specific conditions of the experiment
was 14,71+ 0.15 MeV. The fission fragments and the « particles comoving with the neutrons (at an angle of
165° to the direction of the deuteron beam), along with coincidences among them, were recorded. On the con-
-dition that the cone of neutrons corresponding to the « particles recorded, which is determined by the exit -
diaphragm of the alpha-detector, falls entirely on the target of fissionable material, the fission cross section
is determined by the expression :

0j=N¢/Nang,

- where N; and N are the number of coincidences and « particles recorded and npis the number of nuclei of
fissionable material per square centimeter of target.

As is evident from this expression, the procedure used has a number of advantages: it is not necessary
to measure the neutron flux nor to determine the efficiency of the alpha-detector and the solid angles for the
detector and the target, and distortions of the result due to the background of scattered neutrons and neutrons
from the D(d, n)®He reaction are excluded. This procedure permits making absolute measurements of cross
sections for a number of values of the neutron energy and to place the dependences of fission cross section on
neutron energy on an absolute basis. This research is the first of a planned series of measurements for dif-
ferent neutron energies using various reactions, neutron sources, and methods of recording the comoving par-
ticles. : !

In this work a scintillation counter with a thin (0.1 mm) Type NE-102 plastic scintillator served as the
detector of the comoving particles. Since the losses in the counting of the o particles do not distort the result
and are equivalent only to a decrease in the neutron flux, as is evident from the formula given above, the peak
of the amplitude distribution of the « particles was isolated and recorded with the help of a differential ampli—
tude discriminator. The background due to protons from the D(d, p) T reaction, « particles from the (n, o)
reaction, and Y-ray photons (determined by means of replacing the tritium target of the neutron generator by
a deuterium one, and also by shuttering the o particles with a thin foil) was less than 0.1 [3]. The fission
fragments were recorded by an ionization chamber operating in the pulse-current mode. The hali-width of the
coincidence peak determined with a fast-acting detector and instrumentation did not exceed 2-3 nsec.

" Translated from Atomnaya Energiya, Vol. 47, No. 6, pp. 416-418, December, 1979. Original article sub-
- mitted January 24, 1979.

1040 : 0038-531X/79/4706-1040$07.50 © 1980 Plenum Publishing Corporation

Declassified and Approved For Release 2013/02/15 : CIA-RDP10-02196R000800020005-0



l

Declassified and Approved For Release 2013/02/15 : CIA-RDP10-02196R000800020005-0

TABLE 1. Errors and Corrections in the
Determination of Fission Cross Sections, %

2857) 238(J
Name of correc-

i orrec- -

tion or error fion error :i?rrlec error

Weighing of the 0,75 0,75
target ’

Nonuniformity of | - 0,50 5,0 1,50
the target .

Statistics of co~ ~ - 0,46 0,48
incidences ]

Random coinci- | —2 81 0,08 —1,92 0,12
dences

Extrapolation to | 10,59 0,04 +0,84 :,09
zero energy of . )
the fragments
Frag. losses 0,00 0,20 +0,27 0,20
in"layer - -
Scattering and abq 2,24 0,20 | 42,28 0,20
sorption” of neu-
trons

Total error » 1,1 1,8.

The collection and processing of the data was carried out with CAMAC electronic instrumentation oper-
ating on line with a Robotron KRS-4200 computer {4]. The temporal distribution of « particle—fragment coin-
cidences and the energy spectra of the fission fragments and the o particles were continuously recorded in the
measurement process, and thus continuous control was exercised over the thresholds and the analog portion
of the instrumentation. The program provided for interruption of the measurements and conducting a test of
all the digital units of the installation every 100 min. :

The topography of the neutron beam was determined with the help of a plastic scintillator 2 mm in
diameter in coincidence with an a-particle detector in order that the target of fissionable material be correctly
mounted and the condition noted above of a "collimated" (by virtue of the comoving particles) neutron beam
striking it be guaranteed. The diameter of the collimated neutron beam containing miore than 99% of the inten-
sity was 10 mm in diameter at the surface of the target of fissionable material for a target diameter of 21 mm.
Fulfillment of the indicated condition was also confirmed by the constancy of the ratio Nc’/Noz over a wide range
of distances between the neutron source and the fissionable-material target [3].

The fissionable-material targets were prepared from single isotopes. The contribution of other isotopes
did not exceed 0.01% of the principal one. Deposition of the active layers was done by the method of high-fre-
quency sputtering onto rotating thin (0.1 mm) substrates made out of an alloy of iron with nickel. The uni-
formity of the thickness of the active layer of the 28y target was determined by measuring its « activity with
its surface covered by a diaphragm of equal diameter. The departure from uniformity did not exceed 1%. The
uniformity of the *®U target was worse. The distribution of active material on the target was measured with
an x-ray spectral microanalyzer with an error of 0.1%; it is symmetrical with respect to the center. The cor-
rection for the nonuniformity of the target was determined from the measured topography of the neutron beam
and the profile of the active layer of the target.

" ‘The number of nuclei in the targets was determined by measurement of their o activity on the small
scale. The half-life values of (7.0381 + 0.0048) - 108 years for 25U and (4.4683 + 0.0024) - 10° years for *¥U
obtained in [5] were used in the calculation of the number of nuclei. The mean thickness of the active layer of
the targets was 256.7 and 386.3 pg/em?® for U and *®U, respectively. Corrections for random coincidences,
the extrapolation of the spectrum of fragments to zero energy, the absorption of fragments in the active layer
of the target, scattering and absorption of neutrons in the target substrates and other structural materials, und
the nonuniformity of the layer of the 28y target were introduced into the measurement results (Table 1),

The correction for random coincidences was determined from the temporal distribution of pulses of frag-
ments and o particles outside the coincidence window. The correction for the absorption of fragments in the ‘
active layer of the targets was calculated with the anisotropy of the fission and the translational velocity due to
a neutron pulse taken into account according to Carlson's formula and a formula derived by the authors of this
paper. The results of the calculations are in good agreement. The correction for scattering and absorption of
neutrons was calculated by the Monte Carlo method for the actual geometry of the experiment. The statistical
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TABLE 2. Results of Fission Cross Section,
Measurements b.- ‘

Isotope This paper Data of other authors

235U - | 2,07340,023 | 2,19140,040 (14,6 MeV) [7] -
1,075+0,040 (14,6 MeV) 8]
2,063+0,039 (14,6 MeV) [9]
‘ 2,213+0,022 (14,8 MeV) [10]
86 1,194:+0,022 | 1,14930,025 (14,6 MeV) (9]
. : 1,200+0,017- (14,8 MeV) [10}
1,22 (14,6 MeV) {11]

TABLE 3. Ratio of the Fission Cross Sec-

tions of 2%y and 235U, b

- This paper ' ~Data of other authors

"0,57640,012 0,567+0,013 (14,8 MsB) [12]
T " 0,557%0,017 (14,6 MaB) [9]
0,563%0,009° (14,6 MuB) |13]
0,574%0,006 (14,8 MoB3) {14]
-0,548%0,004 (14,8 MaB) [15]

- error of the calculation was no worse than 0.05%. The error of the derived correction was determined mainly
by the errors in the cross section values emiployed in the calculation. Mention was made above of the deter-
mination of the correction for target nonuniformity. '

As is evident from Table 2, the values of the fission cross sections of 25U are grouped about two values —
. 2,07 and 2.20 b, which differ with each other by 7%. The published data for 238y also differ by more than 10%.
One should note that the higher values for both isotopes are obtained by the method in which measurements are
made relative to a standard — the cross section of neutron scattering by hydrogen [7, 10]. Absolute measure-
ments by recording the comoving particles [9] give lower values, which are in agreement with those obtained

in this paper. This fact is possibly related to the fact that this method allows effectively excluding the back-
ground of scattered neutrons uncorrelated in time, which may play an especially large role for nonthreshold
elements. One should also note that the ratio of the cross sections of *®U and 25U obtained in this work from
two independent absolute measurements is in good agreement with the value obtained directly by measurement
(12, 14] (Table 3). '

The authors express their gratitude to P, Reich (Debretsen, Hungarian People's Republic) for calculation
of the neutron energy for the conditions of this experiment. '
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EXPERIMENTAL BASIS FOR‘ SIMULATION OF RADIATION
ENCOUNTERED IN SPACE FLIGHTS

E. I. Vorob'ev, E. E. Kovalev, : : UDC 577.3:539.12.04
V. A, Sakovich, A, N, Serbinoyv, - '
0, D. Brill', B. 8. Gribov, '
and Yu. I. Zaborovskii

-,

A specific problem to be resolved in space flights is that of ensuring radiation safety in connect1on with
the effect of cosmic rays as well as nuclear radiation from on—board installations.

This problem encompasses the following main problems:

establishing standards for the level of radiation with account for the formation of a tissue dose from
cosmic rays and the characteristic features of their biological effect;

creation of minimum-mass shielding for a space ship agamst all forms of rad1at1on, including the use of
equipment and the structure;

development of measuring methods and measurement of the dose of cosmic rays on board a space ship;

preparation and execution of additional measures during'and after a flight with allowance for the actual
and predicted radiation environment, up to and including the use of pharmacological protection if neces-
sary. : .

The solution of these problems requires a great deal of experimental research which has hitherto been
done on y-ray irradiators, accelerators, and reactors intended for other purposes,

Research on ensuring the radiation safety of space flights is to be exténded and deepened considerably '
by the creation of a special experimental base, a radiation-safety base including an SVV-1 reactor, a B-5
accelerator for protons and multiply charged ions with a beam-separation system, two Almaz y-ray facilites, '
and three Topaz Y-ray facilites (Fig. 1).- The B-5 proton—ion synchrotron [1], with a capability for stepless

‘energy control, is designed to accelerate protons to 20-200 MeV and a quite wide range of ions to a maximum

energy of 50 MeV/nucleon, The intensity of the extracted beam of protons is 2° +10Y protons/sec with a current-
pulse duration of up to 20 usec and a pulse-repetition frequency of 50 Hz, The monochromat1c1ty of the '
extracted beam is ~1%. .

The accelerator is a weak-focusing synchrotron with four 0-shaped, laminated 90° magnets with a multi-
turn winding and four rectilinear segments with a length of 56 cm. The radius of the equilibrium orbit is 1.4 m,

The magnets, resonator, and the beam injection and extraction systems are placed inside one common
vacuumtight housing, which makes it possible to give up a special vacuum chamber and to obtain an acceler-
ator of small size and low weight (outer diameter 4.2 m, weight 22 tons).

The injector of the synchrotron is an ILU-5 radiofrequency pulsed linear accelerator with drift tubs ¢ nd
two accelerating gaps [2]. The resonator of the injector, with a natural frequency of 30 MHz, consists of a
quarter-wavelength line shortened by the capacitance of the drift tube and is excited by a self-excited oscillator
mounted directly in it. An accelerator of this kind ensures a regime for the acceleration of both protons and
ions, with practically no modifications to the resonator. At the injector outlet the proton energy is 1-1.5 MeV "
and the ion energy is 0.5-0.7 MeV/ucleon (for Z/A=0.5), the duration of pulse of accelerated particles is 1-2

Translated from Atomnaya Energlya Vol, 47, No. 6, pp. 418-420, December 1979. Original article sub-
mitted March 23, 1979,
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Fig. 1 ‘Fig. 2
- Fig. 1. layout of experimental rooms of radiation-safety base: 1-6) experimental

rooms; 7) B-5 accelerator; 8) Topaz Y-ray facility; 9) SVV-1 reactor; 10) Almaz Y-ray
facility.

Fig, 2, Vertical section of SVV-1 reactor: 1) horizontal three-step channel 2) niche
face; 3, 4) niches; 5) moveable support of core.

psec, and the mean proton current is several milliamperes. The accelerator proper is housed inside a vacuum
tank with a diameter of 800 and a height of about 1800 mm; an oscillator tube and magnetic-discharge pumps
are mounted on it.

- The proton source is the pulsed source described in [3]. An electron-beam source analogous to that con-
sidered in [4] is being developed as a source of multiply charged ions; in the source atoms are ionized by a
dense electron beam less than 1 mm in diameter traversing a long1tud1na1 magnetic-field of 10 kOe, at a cur-
‘rent of several amperes and an energy of 10 keV, /

The beam of accelerated particles extracted from the synchrotron is sent by ion guides to four experi-
mental rooms by means of four rotatable 90° magnets and 19 quadrupole lenses. Two pulsed magnets, deflect-
ing the individual current pulses by 6° with a prescribed frequency, direct the beam into the appropriate auxi-
liary channels. :

To monitor the passage and quality of the beam, the accelerator and in various segments of the transport
system are provided with a beam-diagnostics system, including pickup stations, current pickups, and TV lumi-
nescent pickups. An automated control system based on a controlling computer complex will set the operating
conditions of the accelerator and the beam-separation system, measure and monitor the physical and technical
parameters of the accelerator, and will read the state of its systems and perform a number of other operations.

The SVV-1 reactor is a special 500-kW water-moderated water-cooled reactor with a vertically move-
able core and a hermetically sealed vessel. The reactor core is a 50 x 50 cm rectangle surrounded by graphite
moderator on three sides. The maximum density of the thermal-neutron flux at the center of the core is1.4-
10" neutrons cm?- sec.

Displacement of the core in the vertical direction made it possible to lead the reactor radiation out into
four large experimental rooms and four horizontal channels in two levels, allowing work to be done at one
level while experiments are being prepared at the other level (Fig. 2).

In the bottom position (see Figs, 1 and 3) beams of radiation are led out through niche 1 into room 4,
niche 2 into room 5, and niche 3 into room 3, as well as into room 3 through a horizontal three-step channel,
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Fig. 3. Experimental equipment of reactor
for top (a) and bottom (b) positions of core:
1, 2, 4, 5) niches; 3) horizontal three-step
channel; 6) horizontal tangential channel; 7)
horizontal channel with diameter of 10 cm; 8)
horizontal channel with diameter of 15 cm,

the last stép being 60 cm in diameter. The density of the flux of thermal and fast neutrons at the entrance to
niche 1 is 9102 and 1.3 - 1013 neutrons/cm *sec, respectwely, while at the entrance to niches 2 and 3 and the
horizontal channel it is 2.5+ 102 and 10'? neutrons/em?- sec, respectively.

Niche 1 is intended for radiobiological research. It is a three-step niche, the last step forming a window
of 150 x 1560 cm in the reactor shielding, The fast-neutron dose rate at a distance of 50 cm from the niche |
reaches 1.5 rad/sec. The niche is provided with a valve-filter which enmables the contribution of Y rays to the
dose to be reduced to 5-10%. '

The three-step niche 2 is a thermal column whose last step forms a 120 x 120 cm window in the reactor
shielding. The thermal-neutron flux at the exit from the niches is 10® neutrons/em?- sec.

Niche 3 is used to irradiate materials and equipment which are to be placed inside the niche on a special
rolling trolley. It is equipped with a valve-filter similar to that set up in niche 1.

With the core in the top position (see Figs. 2 and 3), a wide beam of radiation is led out through niche 4
into room 5. This niche is intended for research on models of shielding and constitutes a trapezoid with 200-cm
base on the side of the core and a 300-cm base at the other end; the height of the niche is 300 cm. The niche
is equipped with a retractable tank, For carrying out experlments there is a collimated neutron detector which
is suspended r1g1dly from a special bridge crane and by remote control is placed at a given point in room 5in
the horizontal plane passing through the center of the beam of radiation, with this plane rotated through a given
angle. At this upper level there is a tangential through channel of diameter 10 cm and two experlmenml chan-
nels of diameter 10 and 15 cm, leading out narrow beams of radiation to the reactor reflectors in room 5. )

The Almaz apparatuses set up in rooms 4 and 6 are linear irradiators consisting of 18 137Cs sources with
a total equivalent of 1080 g-eq Ra and which can be brought out from behind the shielding by remote control.
These apparatuses make it possible to produce a maximum dose rate of up to 1 rad/sec at a distance of 150 ¢cm
from the irradiator, with an inhomogeneity of no more than 20% in the dose rate over a 150 x 150 cm square cut
out in the vertical plane.

The Topaz facility in room 5 consists. of pits measuring 12 m in depth and 0.5 m in diameter, reach with
a moving carriage holding a 13705 or a %9Co source with an activity of up to 200 g-eq Ra, This design allows
vertical beams of ¥ rays to be formed with various spreading angles. For experiments on the Topaz facilities
there is a collimated y-ray detector which is suspended from a coordinate system on the wall. The coordinate
system permits the detector to be placed by remote control at any point in a vertical plane passing through the
axes of the beams of the Topaz facility, with rotation of this plane through a given angle.

Thus, in room 4 biological objects can be irradiated simultaneously with 7 rays, neutrons, protons, or
multiply charged ions in a desired proportion and in a given time regime. In room 6 materials and equipment -
can also be irradiated in various regimes and with various ratios of neutron and Y-ray doses. The shielding of
all the rooms is such that preparations for experiments can be made in them while beams are fed into other
rooms, .
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As a whole, the experimental base being set up will make it possible to carry out a wide range of investi-
~ gations on ensuring the radiation safety of space flights, from basic research on radiobiology and physics of
shielding to full-scale tests of space ships using time regimes and radiation spectra which simulate space
flight conditions, E -
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IRRADIATION DOSE OF THE POPULATION OF THE SOVIET
UNION FROM COSMIC RADIATION

R. A, Filov and E. M. Krisyuk ’ UDC 614.876+612.0,14.482.5

At present the International Commisssion on Radiological Protection takes into account in their recom-

‘mendations the nonthreshold linear dependence of irradiation aftereffects on dose [1]. In this connection the
necessity is emphasized of evaluating the contribution of all sources and all types of human activity to the

“cumulative radiation dose of a population, Cosmic radiation makes an appreciable contribution (tens of percent)

_ to the radiation dose of the population. The strength of the cosmic radiation dose depends on altitude above
sea level and on the geographical latitude of the locality. An estimate of the annual strength of the dose at sea
level for the middle latitudes (30.1 mrem/r) has been given in a lecture of the UN Scientific Committee on the
Action of Atomic Radiation (SCAAR) [2]. The radiation dose of the population of individual states and the
country as a whole due to cosmic radiation has been calculated in [3] for the USA, Calculations for the popu-
lation of the USSR have been performed by us.

The dependence of the dose strength on altitude above sea level and on geographical latitude has been

" taken from [4], whose results have been corrected so that the dose strength at sea level and 45° N, latitude
corresponds to the SCAAR estimate. A linear dependence of dose strength on latitude has been assumed. The -

~calculation is performed for all regions, territories, and autonomous republics of the Soviet Union, It was
assumed that the radiation rose of all the inhabitants of a region (territory, autonomous republic of the Soviet

" Union) is equal to the radiation dose of the population of the region center. The altitude above sea level of the
region centers was determined with an error of 50-100 m. The population figures of the regions were taken
from the data of 1 January 1977 [5]. Below are presented the average radiation doses in mremAr of the popu-
lation of allied republics and the country as a whole due to cosmic radiation calculated with the population dis-
tribution over the regions taken into account:

RSFSR. .. .. .. ... 31.7
Ukraine . . . . .. ... - 3.4
_Belorussia . ... . .. .. 32.0
Uzbek . . . .. .. .. 32.4
Kazakh-. ... ... ... 32:9
Georgia . . ., ., . ... 32.6
. Azerbaijan ... ... ... 30.3
Lithuania . ... ... .. 31.2
~ Moldavia .. .. .. .. .. 30.8
Latvia . .. .. .... 31.2
Kirghiz. . .. .. .... 40.9
Tagk . .. ... ... 341
Armenia . ... ... L. 38.0
Turkmen e e e e e 30.6
Estonia ., ., ., ... T.od1.4
Average over the USSR . . . . 31.9

) It is evident that the radiation dose ot the population of the allied republics differs little from the aver-
- age dose for the country. A greater difference is observed for the inhabitants of the individual regions: the

Translated from Atomnaya Energiya, Vol, 47, No. 6, pp. 420-421, December, 1979. Original article sub-
mitted April 23, 1979.
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‘TABLE 1. Interstory Ceilings

Thickness of|
ildin. Type of ceilin ceilings, |- v
Buils g . FYPe__: 1ng g/om
Fews=story wooden | Contemporary : 13
houses = construction :
0O1d stone houses
without Sheathed with 25
remodeling sheet material
after remodeling | Wooden with 25
various dead spaces -
Reinforced ) Wooden or made out 40
concrete - of l111‘Ighu=,ned'
reinforced concrete | . -

TABLE 2. Relative Dose of Cosmic Radi-
ation in Buildings of Different Types and
Number of Stories* ' ‘

Number of Ol1d stone Contem- -
stories Wooden houses houses orary
: ouses
1 0,965 .7 0.92 0,86
2 0.94 - 0,88 . 0,80
3 0,M 0,84 0,76
4 0,81 0,81 0,72
5 0,78 0,69
6 0,75 0,66
i 0,72 0,64
8 0,625
9 - : 0,6t
10 0,595
11 L 0,58
12 0,565
13 | . L 0,555
14 0,54
*The outdoor dose is taken as unity. B

population of the Naryn region of the Kirghiz SSR (75.5 mrem/yr) and the Gorno-Badakhshan autonomous region
of the Tajik SSR (73.9 mrem/yr) obtain the largest dose, and the population of the Krasnovodsk region of the
Turkmen SSR (29.8 mrem/r) received the smallest. The main error in these estimates is related to equating
the radiation dose of the population of a region to the radiation dose of the population of the region center.
Taking intoaccount the distribution with altitude above sea level of the population of a region permits refining
the estimate of the radiation dose.

One should emphasize that our estimate, just as all the published estimates, has been made without taking
account of the shielding of cosmic radiation by the ceilings of buildings. The characteristics of the interstory
ceilings of the most widespread types of buildings are given in Table 1 [6]. Taking these characteristics into
account and using data on the attenuation of cosmic radiation upon passage through barriers of different thick
ness and composition [7], the average values of the cosmic radiation screening coefficients by interstory ceil-
ings were calculated; a uniform distribution of inhabitants on the floors of a given building was assumed in the
calculation (Table 2). The shielding of cosmic radiaton by interstory ceilings significantly lowers the radiation

" dose, especially in contemporary multistory buildings. In order to take account of the cosmic radiation shield-

ing effect on the average radiation doses of the population, it is necessary to know how the population is dis-
tributed in buildings of different kinds and size. Obtaining this data for the country as a whole offers a definite
difficulty.
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OBITUARY . ’ _

IN MEMORY OF ALEKSEI PETROVICH ZEFIROV

On September 8, 1979, -Professor Aleksei Petrovich Zefirov, Doctor of Engineering Sciences, Corre-
sponding Member of the USSR Academy of Sciences, Laureate of the Lenin and State Prizes of the USSR, large-
scale organizer of science and engineering, and prominent Soviet scientist in the area of the metallurgy and
technology of nonferrous and rare metals, passed away in his 73rd year.

A, P. Zefirov was one of those who was instrumental in the creation of our domestic industrial technology
of radioactive elements. Under his direction a large group of scientists was formed and worked fruitfully, '
having solves the most important problems of nonferrous and rare-earth metallurgy and the metallurgy of
radioactive elements. : ‘

Aleksei Petrovich possessed a resourceful scientific and engineering outlook not only in the area of
metallurgy but also in neighboring fields of science and engineering: mining, ore enrichment, and economics.
He was widely known to the scientific community. A. P, Zefirov was a member of the editorial board of the
journal Atomnaya Energiya, and he participated in the work of many international congresses, conferences, and
symposia on the problems of nuclear energy and the technology of radioactive elements. He wrote more than
200 scientific papers during the more-than-50-year period of his activity.

A, P, Zefirov worked hard and fruitfully, combining his organizational and scientific work with his teach-
ing activity. From 1955 to 1958 he was assistant head of the Department of Metallurgy and Metallography of
the Moscow Engineering Science Institute, and from 1958 to 1961 he headed the faculty at the Moscow Chemical
Engineering Institute. A large number of dissertations was completed and successfully defended under the
direction of Aleksei Petrovich, He worked tirelessly for young students and always assumed this to be his duty
as a citizen, communist, and scientist.

Aleksei Petrovich performed a lot of public service, and he was selected as a deputy of the Moscow Coun-
cil and a member of the Proletariat Bureau of the Republic Committee of the Communist Party of the Soviet
Union.

Translated from Atomnaya l:lnergiya, Vol. 47, No. 6, p. 423, December, 1979.
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The merits of A. P. Zefirov were highly valued: he was rewarded with two Orders of Lenin, the Orders ‘
of the October Revolution, three Orders of the Labor Red Banner, and six medals.

His integrity, sincerity, kindness, and constant readiness to help his comrades and- colleagues in their
lives and creative activity won the love of all who knew him. The shining memory of this remarkable scien-
tist and person will always be preserved in the hearts of those who had the opportumty of associating and work-
ing with h1m ' o : :
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CONFERENCES, MEETINGS, AND SEMINARS '

AUTOMATIC SYSTEM FOR REACTOR MONITORING,
CONTROL, "AND SAFETY

P, A, Gavrilov and V, E. Trekhov

The regular branch seminar in the series "Engineering and economic aspects of nuclear power" was
held at the NIKIET in June, 1979. On the agenda were problems associated with the safe operation of high-
power reactors (RBMK-100 and -1500 and VVER): improvement of the systems of in-reactor monitoring,
local adjustment of the energy-distribution field, functional-group control, ways and means of scram protec-
tion, the dynamics of complex unsteady transient processes, the use of computers, and ergonomic problems.

In addition to NIKIET workers, the seminar was participated in by representatives of 17 scientific-
research, planning, and design orgamzatlons.

It was pointed out at the seminar that in the control of present-day large reactors there was a need of
auxiliary control and safety loops realizable on present-day commercial controlling machines (e.g., computers
of the SM class), In turn, the use of computers in the control loops gives rise to new problems. In compari-
son with known problems of the automation of power plants to control muclear installations, that of safety is the
most important. And equal attention should be paid to the development of apparatus of the computer control
system as well as software. Extensive capabilities for the creation of reliable, efficient reactor-control sys-
tems with allowance for the specific safety requirements have been designed into the computer equipment pro-
duced by Soviet industry; this equipment constitutes modular systems whose composition can be varied accord-
ing to the objectives and purposes of the control. The seminar was informed about work done by the NIKIET in
collaboration with the State All-Union Central Scientific-Research Institute of Comprehensive Automatic Con-
trol (TsNIIKA) on the development of multilevel control and safety systems, with redundancy, based on SM
computers for atomic power plants with RBMK-1500 reactors. The creation of such systems is inseparable
from the development of software. In turn, designing algorithms and programs requires the latest methods for
the investigation and optimization of systems, i.e., simulation and graphic analysis. Work done by NIKIET in
this area was reported. :

Of great importance for work on an automated monitoring and control system is the experience on the
design and operation of digital systems (information level and "operator counselor" level) gained during
creation of the SKALA systems for atomic power plants with RBMK-1000 reactors. These systems have al-
ready been tested on six operational power units (Leningrad, Kursk, and Chernobyl'sk atomic power plants).

Great interest was aroused by a communication by specialists from the NIKIET on the results of success-
ful testing of a system for local automatic adjustment of the field of energy distribution in the first unit of the
Leningrad plant and on the distinctive features of the apparatus of the control and safety system and for moni-
toring the energy distribution in the RMBK-1000. As for the RBMK-1000 and -1500 reactors, there was a dis-
cussion on the use of the "asymmetry principle® in the synthesis of a system for the. stabilization of the energy-
distribution field of a large reactor and there was also discussion of work done at the NIKIET on the construc-
tion of zonally asymmetric controllers.

No mean role is played by improvements and experience in the development of in-reactor detectors for
the RBMK reactor as well as by the state of the art of reactor thermometry, which were discussed at the semi-
nar. : : :

Ergonomlc problems associated with reactor control were taken up in papers on the role of the operator
in the control system, on the algorithmization of the functions of the operator, and on improvement of methods
and means of presenting information during control of power units.

The seminar considered special problems of monitoring, regulation, functional-group control, metrology,
the structure of the apparatus of control and safety systems, materials science, and analysis of transient pro-
cesses,

The papers aroused lively discussion.

Translated from Atomnaya Energiya, Vol. 47, No. 6, p. 424, December, 1979.
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MEETING OF IAEA TECHNICAL COMMITTEE
ON HANDLING OF TRITIUM-CONTAINING WASTES

B. Ya. Galkin and V., V., Tugolukov

v The meeting was held in Vienna, Austria, in December, 1978, with the participation of representatives -
from nine countries as well as Euratom. ’

The meeting considered sources producing tritium and its content in various flows and products, methods
of eliminating it from gas and liquid flows, ways of preparing it for storage and disposal with fixation in vari-
ous materials, international cooperation, etc.

The communications and discussions served as a basis for a draft of a document which will be published
by IAEA as an official document. In the introduction to the document an analysis is made of the state of the art
in various countries and recommendations concerning handling are presented. The next section discusses
sources of tritium production, presents figures on tritium build-up in Ci /GW(E) per year in reactors of vari-
ous types, estimates discharge in the form of gas—air and liquid wastes, and shows the distribution of tritium
in the flow-sheet of regeneration of spent thermal-reactor fuel.

The technique for removal of tritium is considered as applied to the technology for the regeneration of
oxide fuel. Three possible methods are singled out: by driving off from the pulverized fuel before dissolution;
isotopic enrichment in water flows; water recycling with final removal of part of the flow and solidification.
With oxidation treatment of the fuel (4¢50-650°C) more than 99% of the tritium and the bulk of the 8Kr, 149%e,
14C, and "1 can be separated and concentrated in a small volume. Tritium in the form of tritiated water can
be retained in solid sorbents.

Multistage electrolysis for enrichmentofwater with tritium is uneconomical because of the energy con-
sumption. A more economical method is based on a combination of electrolysis with catalytic exchange and is
recommended for the removal of tritium from H,0 and D,0, i.e., for fuel-regeneration facilities and for atomic
power plants with D,O moderator. Thus far, however, it has been demonstrated only in pilot plants with a low
tritium content. The process is based on the use of hydrophobic catalysts.

In Canada, a small demonstration plant is being planned with a more complex technology, i.e., electro-
lysis with catalytic exchange and cryogenic distillation. Recycling of water and nitric acid as a means of re-
taining tritium in the flowsheet of a regeneration plant is attracting considerable attention. Research done in
the U.S,, France, and Britain on the distribution of tritium in the flows in these plants shows that it is possible
to organize the recycling so that tritium present in aqueous solutions will be localized in that part of the flow-
sheet which includes washing of the extract from the first cycle.

Among other methods of removing tritium from H,0 and D,0 water flows still under study mention should
be made of isotopic enrichment with laser excitation, diffusion through metallic membranes, thermodiffusion,
and gas chromatography.

Subsequent sections consider the possibility of using process flowsheets of treatment of tritium-contami-
nated materials in order to convert the tritium into a form suitable for storage or burial with a view to
reducing the probability of it being spread. An effective method of fixation is that of producing tritiated metal-
lic (titanium, zirconium, hafnium, and thorium) hydrides which makes it possible to convert the tritium from
the gaseous phase into the solid phase. Another method of localization can be that of catalytic hydration of
styrene. Nickel in kieselguhr or rhodium in aluminum oxide serves as the catalyst. The tritium leaching rate
is insignificant. Thermal decomposition and depolymerization occur at temperatures greater than 280°C, This
process is in the early stages of development. .

Liquid wastes containing tritium can be prepared for storage by several methods. They include adsorp-
tion on dry materials such as cement, and chemical incorporation into organic polymers, Silica gel, zeolites,
activated aluminum oxide, and potassium sulfate are recommended as adsorption materials.

Translated from Atomnaya I:Jnergiya, Vol. 47, No. 6, pp. 424-425, December, 1979.
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At the present time, cement with a high capacity for water, ranging from 25% (Portland cement) to 50%
(high-alumina cement),ismost frequently used for fixation of tritiated water. The principal drawback of cements
is that of a high leaching rate. To reduce this‘_l_"a.te, studies have been made of the possibility of coating cements
with bitumens, greases, paraffins, enamels, and various organic polymers. In this case the leaching rate is
reduced by decreasing the effective surface area in contact with water. Irrespective of the material used,
before burial the wastes should be enclosed in appropriate containers. The section on monitoring points out
that considerable experience has been accumulated on tritiixm’ detection and appropriate instruments have
been built. ' '

In conclusion, the participants i}n>the mééi}ing emphasized that in most countries the practice in handling
tritium-containing wastes is inadequate and international cooperation in this field is necessary. As shown by

~ consideration of the economic aspects, the information available at present does not ensure the selection of an

egonomical method of tritium disposal.

The good’organi_zation of the meeting and the discus sion made it possible in a short time to consider
diverse subjects and to map out a program of work for coming years.

'SIXTH SESSION OF SOVIET;AMERICAN COORDINATION

COMMISSION ON THER MONUCLEAR ENERGY

G. A, Eliseev

The session was held in Washington, D.C., on July 2 and 3, 1979, It considered the results of collaboration
in 1978 and the implementation of the controlled fusion program in 1979 and approved the program for 1980.
Representatives of both countries reported the successful realization of the 1978 program which had been facil-
itated in many ways by five years of experience from joint research on the controlled thermonuclear reaction,
the strengthened links between the teams of U.S. and Soviet thermonuclear centers, and the atmosphere of
mutual confidence and respect. The proceedings of the session noted the nutual benefit flowing from the pro-
jects undertaken and the successful implementation of the 1979 program. '

Reports on the results of thermonuclear research in the Soviet Union and the United States in 1979 and
on plans for further development of this research were presented by the co-chairmen of the coordination com-
mission, E. P. Velikhov and E. Klinter, as well as by the heads of Soviet and U.S. research institutes working
on controlled fusion. ’

The 1980 program approved at the session provides for 25 joint projects in three main areas: experi-
mental and theoretical studies on systems with magnetic confinement of plasma, the design and testing of ele-
ments of demonstration thermonuclear reactors, and engineering problems of controlled fusion. Provision was
made for the participation of Soviet and American specialists in experiments on the principal thermonuclear
facilites and stands of both countries, including the beginning of long-term joint work on the Doublet II1
tokamak of the General Atomic Co. with the use of the Soviet multichannel fast-atom analyzer. Joint theoreti-
cal and design studies on the stability of plasma with reactor parameters as well as calculations on super-
conducting magnetic systems for thermonuclear machines of the next generation. Studies will continue on.the
interaction of high-temperature plasma with walls and so will research on the volume and surface radiation
damage to materials under conditions imitating reactor conditions. The next, fourth seminar on hybrid reac-
tors (fusion—fission systems) will be held in the Soviet Union. ' '

Under the conditions of the growing energy crisis, the U.S, Department of Energy has recently begun to
devote its major attention to "current problems."” Appropriations for long-term projects have recently been
reviewed and cut, The thermonuclear program has not been changed, a major reason for this being the favor-
able attitude taken by the U.S. Congress towards thermonuclear power. In the budget for the 1980 fiscal year,
appropriations for confrolled fusion research run to 513 million dollars (including 364 million for systems with
magnetic confinement of plasma). In the 1981 fiscal year these appropriations are to be increased by another
10%. The fusion program has been reinforced considerably by the successes achieved in thermonuclear studies.

Translated from Atorriyaya Energiya, Vol. 47, No. 6, pp. 425-426, December, 1979.
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Fig. 1. -General view of one variant of an EBT-R thermonuclear installation.

Of these successes, mention should be made primarily of the heating of plasma to 6 keV in the PLT tokamak,
the attainment of a stable discharge with B, x ~10% in the ISX-B tokamak, and attainment of the design param-
eters in the world's largest tokamak, Doublet IIL ' ' '

In 1979, the U.S, thermonuclear program was analyzed in detail by a Department of Energy commission,
headed by J. Foster. On the basis of the recommendations of this commission, significant changes have been
made in the program, In particular, it has been decided to expand the basic research on the physics of high-
temperature plasma. Work is being extended in some technological areas and, in particular, on the develop-
ment of special materials and alloys that would be promising for future thermonuclear reactors, Much atten-
tion will be paid to the development and experimental testing of alternative thermonuclear systems, among
which the EBT (ELMO BAMPY TORUS) system has been advanced to the forefront. This system has been
under study for several years now at the Oak Ridge National Laboratory. It constitutes a set of traps with mag-
netic plugs, connected into a torus. For the purpose of stable plasma confinement, in each of the traps micro-
waves set up quasirelativistic electron rings, resulting in the formation of a potential well in the paraxial zone
for ion confinement. The system functions without a longitudinal current in the plasma, which makes it attrac-
tive in the plan for the creation of a steady-state thermonuclear reactor. A stable plasma with a density of
~1012 cm™% and an electron an ion temperature of 400 and 200 eV, respectively, has been obtained in the
small EBT-8 device (major radius of torus 1.5 m, minor radius 18.8 cm, longitudinal magnetic field in region
of plugs 1.3 T). Notwithstanding the fact that the results do not yet permit a sufficiently reliable estimate to
be made of the capabilities of the system in operation with plasma having a substantially higher density and
temperature, an EBT experiment on a prereactor scale, i.e., the EBT-R, is being planned in the US.A, A
competition is being held for designs and Grumman, Ebasco, and McDonnell Douglas are taking part. The dead-
line for the competition is May 1980. ) '

The next big step envisaged in the long-range U.S. program discussed here is the ETF engineering test
thermonuclear reactor. The principal purpose of this facility is to solve general engineering problems of con-
trolled thermonuclear fusion and to create a technological basis for the first thermonuclear power reactors.
Concepts of ETF on the basis of a tokamak (Oak Ridge National Laboratory) as well as on the basis of an open
magnetic trap (Lawrence Livermore Laboratory) are being worked out at the present time. The decision con-
cerning the construction of the ETF is to be taken in 1984 with account for results which will be obtained on
the TFTR tokamak and the MFTF open trap. It should be noted that in respect of the basic parameters the
EFT tokamak is extremely close to the INTOR. '
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SOVIET -~ AMERICAN MEETING ON ALTERNATIVE
THERMONUCLEAR SYSTEMS

E, E, Yushmanov

The meeting, held at the L V. Kurchatov Institute of Atomic Energy in June 1979, discussed the most
promising Soviet and American systems with magnetic confinement of plasma, not like traditional systems,
All told, there were 14 papers, 8 Soviet and 6 American. The Soviet delegates presented papers on studies
done at the L V. Kurchatov Institute of Atomic Energy, the Institute of High Temperatures of the Academy of
Sciences of the USSR (IVTAN), the Kharkov Physicotechnical Institute of the Academy of Sciences of the
Ukrainian SSR (KhFTT), and the Sukhumi Physicotechnical Institute. The American researchers represented
the Lawrence Livermore Laboratory, the Plasma Physics Laboratory of Princeton University, the Oak Ridge
National Laboratory, the Los Alamos Scientific Laboratory, and the TRW Co,

The principal areas of the present thermonuclear program — tokamaks, open traps lasers, and high-
power corpuscular beams — will, at first glance, undoubtedly resolve the problem of controlled ther monuclear
fusion in the near future. First, however, the possibility of any of these programs failing in actual fact is not
excluded and, second, even in the event of success work on the search for more successfully solutions can be
continued. Alternative programs serve to support the basic programs and further the search for possible other,
better solutions, and also ensure healthy competition of ideas, preventing the basic programs from losing
creative act1v1ty ' '

~ One of the main areas of research has been that of exper1ments with compact toroidal plasma, first per-
formed at the L V. Kurchatov Institute of Atomic Energy and then repeated at the Los Alamos Laboratory
(where this system has been dubbed PFX). In experiments with devices of the theta-pinch type a compact
plasma toroid is formed with an embedded poloidal field which ensures thermal insulation. The advantages
are unquestionable: small dimensions, high 8 value, and technical simplicity. The main problem today is
that of the stability of the toroid. Theory has thus far not provided a reliable answer and the results of
experiments are not unambiguous: in the American experiments the toroid became unstable with time while
in the Soviet experiments this did not occur in some cases. But in one way or another experiments employing
the principle of a compact toroidal plasma have aroused considerable interest and plans are being made in the
United States for research on a considerably larger scale.

Two Soviet papers described a trap with a spatial axis, i.e., a helical torus. In such a system a rota-
tional transformation is produced without the assistance of current or special windings. Among its advantages
(in comparison with the tokamak) are better confinement, a higher 8 value, better stability, steadiness, etc.
The complex configuration of the magnetic system, however, makes it difficult to realize from the engineering
and technical point of view.

~ An interesting alternative area is that of the magnetoelectrostatic trap whlch is being studied at the L V..
Kurchatov Institute of Atomic Energy and the KhFTIL It constitutes an acute-angled system in which the escape
of plasma through "gaps" is blocked by electrostatic fields. Advantages of the trap are quite good confinement
(Q= 10), absence of magnetic field in the volume occupied by the plasma, steadiness, and simplicity of heating.
At the same time, however, it is necessary that, first, the transitional layer between the plasma and the mag-
netic field be stable, and, second, electrons trapped in the gaps should leave those gaps continually. Questions
as to whether these problems can be solved remain open. The Atoll machine, the most advanced systems of
this kind, has now been built at the Kurchatov Institute. Plasma stability will be the object of study in forth-
coming experiments,

Other Soviet papers were devoted to the new aspects of the use of an imploding liner, a new configuration
of the plasma focus, and a torsatron with a divertor.

In addition to the aforementioned PFX system, the Soviet papers discussed the results of the RFM experi-
ment with field reversal in a mirror trap as well as the RFP experiment with toroidal pinch and field reversal

Translated from Atomnaya Energiya, Vol. 47, No. 6, pp. 427-428, December, 1979.
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and the EBT bumpy torus. The RFM experiment came into being at the Livermore Laboratory several years
ago as a variant of the open-trap program. It would be more correctly looked upon now as a highly promising
independent area since the physics of this system is completely different from that of open traps. It is pro-
posed to use this system to produce a plasma toroid with reversed field (similar to compact toroidal plasma)
in which the high temperature of the plasma as well as the poloidal field are maintained by a powerful injec-
tion of fast atoms. This plasma formation is confined in a steady-state condition in an open trap. Combination
of such cells into a long multimodular reactor is being considered. Another variant of reactor is a long
solenoid with a continuous sequence of plasma toroids moving along it. Each of the plasma rings lives and
*burns" only during the flight while the poloidal field is sustained by self-induction, In this case it is not
necessary to have high-power fast-atom injectors, the design of the superconducting windings is simpler, and
the reactor becomes a straight tunnel composed of identical modules. The thermal conditions are steady-state.
These important technological advantages along with Q>>1 make the RFM system attractive. Some physical
aspects, however, are not yet clear, especially the problem of stability. Livermore Laboratory has hitherto

- not managed to achieve field reversal by injection since the injected flux of atoms is insufficient given the high
losses in the stage when there is still no reversal. The well-known 2XIIB machine has not been rebuilt into the
Beta-2 device and fast atoms will be injected into a ready toroid-target with embedded reversed field produced
by a specially developed high-power coaxial plasma gun.

An important alternative line of studies is represented by the RFP system, which is under investigation
not only in the Los Alamos Laboratory in the United States, but also in Britain, Italy, Japan, and Australia. K
constitutes a circular plasma with a strong longitudinal current, located in a toroidal external field, and a
stronger field in the opposite direction is embedded in the column. The plasma is confined primarily by the
poloidal field of the current. This system is a direct extension of the philosophy of the ZETA and Alpha devices
familiar from an earlier period. The advantage of the RFP over the tokamaks consists in the high g value, the
high MHD stability, possibility of ochmic heating up to ignition (since there is no limitation on the current), and
a high aspect ratio. Experimental results obtained thus far look modest because of the low temperature (Te =
15-20 eV). In the opinion of experimenters, however, this fact is not fundamental and is the result of large
radiation losses, As for the general principle of confinement, it is confirmed. Several large facilities, now
being built (or being developed) at the present time in various countries, will apparently make it possible to
surmount the "radiation barrier." At the Los Alamos Laboratory construction is beginning of the ZT-40
device with a major radius of 114 cm and a minor radius of 20 cm which is expected to yield n~10%-101%cm™3
at T~0.1-1 keVand 71~10" sec.

It would seem that the most popular of the American alternative lines of research is apparently that
represented by EBT. The idea of this system obtained convincing experimental and theoretical substantiation.
The trap constitutes a torus with a large number of bumps (520), forming local traps with a plug ratio ~2. It
is well known that the bump torus is devoid of toroidal drift because of the "plugotron™ drift (replacing the
rotational transformation) but is MHD-unstable. In the EBT stability is ensured by the fact that in the central
plane of each trap eleci:ron—cyclotron resonance produces a peripheral ring of relativistic electrons enveloping
the axis. The value of B in the ring is ~0.5. These rings so change the conditions that the main toroidal
plasma is stable. Only neoclassical transfer is a source of losses. The B value for toroidal plasma may ap-
proach 0.4. A reactor based on the EBT would have many advantages in comparison with the tokamak: high g,
steady-state operation, absence of alongitudinal field and the troubles associated with it, technological effec-
tiveness of the design (in particular, because of the high aspect ratio and the simple modular design). The Q
~ value would be high since the main toroidal plasma is in a self-sustained burning mode and the energy con-
sumption is associated only with the maintenance of the electron rings. Present-day technology is sufficient
for the construction of a reactor, apart from microwave generators but considerable advances are being made
in their design.

The principal reason for the attention to the EBT, however, lies not so much in its potential advantages
as in proofs obtained in recert years that its physical foundations are correct. Experiments with EBT and
EBT-S at the Oak Ridge Laboratory confirmed that the system is an equilibrium system, is stable, has neo-
classical transport (in accordance with the theory constructed), is well protected against contamination, and is
convenient in respect of heating. Plans are being drawn up in the United States at present for the EBT II
machine which will take several years to build (at a cost of about 70 million dollars). In the final stages of
experiments, it is believed, this machine will make it possible to get very close to reactor conditions: n~
1014 cm's, T~5~10 keV, B, ~10%, nT~ 1014, Experts estimate that an experimental reactor could be built
by 1990. -
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The participants in the meeting noted that the exchange of information carried out could be useful and
that in future not only should such meetings be continued but that laboratories engaged in work on alternatives
should exchange visits. There is a need for meetings with a general discussion of studies on the various alter-
native programs (similar to the meeting discussed here) as well as more restricted meetings on individual
subjects. Such meetings are necessary since no single country is in a position to bear the growing costs in
various areas and only exchange and mutual criticism can make up for this. The American researchers came
out in favor of convening an international conference in the near future. ’

SOVIET -~ AMERICAN MEETING ON "PROBLEMS
OF THE INTERFACE BETWEEN HIGH-TEMPERATUR‘E
PLASMA AND LIMITER" '

V. A, Abramov

The meeting was held at the L V. Kurchatov Institute of Atomic Energy in June, 1979. The Soviet dele-
gation consisted of workers from Soviet scientific centers engaged in research on controlled thermonuclear
fusion. The American researchers represented the majorplasmaphysics laboratories. Physicists from the
German Democratic Republic who are taking part in experiments on T-10 also attended.

The meeting considered the experimental results of studies on the interaction of high-temperature plasma
with the wall and limiter, the mechanisms by which impurities are formed and enter plasma, theoretical and
experimental investigations on divertor layers, and requirements on materials for the first wall, limiter, and
inverter plats from the point of view of the tokamak reactor. Most of these topics were dealt with in 23 papers
read at the meeting.

A U.S. paper on studies on impurities in the ISX-A device pointed out that there is no problem (of the
type of a temperature minimum occurring at the center of the plasma column) associated with heavy impuri-
ties. Experimental results obtained with Auger spectroscopy indicate the wide range of masses of the struc-
tural materials which can be sputtered by plasma. Since problems with the elimipation of hydrogen from
titanium sputtered onto the walls were encountered in this device, only gas-discharge purification without get-
ering of the walls is employed in the ISX-B.  The latest experiments on heatingthe plasma by beams of fast
yielded BT=1.3% and B1(0) =4.4% (without the contribution of the beam), With an Injection power of 1 MW it
was possible to raise S7(0) to 7%. . ’

A joint paper by researchers of the Soviet Union and the German Democratic Republic dealt with Auger-

- spectroscopic studies on impurities in the T-10 tokamak., As shown by the studies, in a discharge specimens

of materials have atoms of the structural materials of the diaphragm and chamber wall, i.e., Fe, Ni, and Cr,
~as well as O, C, Cl, and Zn. Another U.S, paper on this subject gave values obtained by Auger spectroscopy
for the impurity density in the diaphragm in the ALCATOR tokamak: ny+nN 30.1%, nMo ~ 0.01%, nFe ~ 0.005%.
Gas-discharge purification of the walls is now employed in the machine (p=8* 1072 Pa hydrogen, £=2 kHz,

W=1 kW, discharge duration 10 msec at 2 Hz, longitudinal field 10% G). The main conclusion arrived at by the
authors of the Soviet paper on various methods of chamber purification was that flow discharge is an extremely
convenient and effective method.

One U.S, paper considered the effect that the evolution of the current profile has on the plasma—wall
interaction. Although many details of the study remain unclear, the possibility of controlling the entry of im-
purities into plasma is extremely interesting and useful in the adjustment of new systems.

Some of the papers were devoted to the theoretical and experimental study of diverter systems. na
paper, researchers from the Kurchatov Institute presented results of calculations of the magnetic configuration
of the bundle-diverter of a special design making it possible to reduce the current in the diverter windings. At
the same time, however, the bumpiness of the toroidal field increases in the vicinity and this may result in
additional loss of heat and particles. As shown by estimates, the losses may be small because of the radial
electric field. Another paper by researchers from the Kurchatov Institute reported on the results ‘of experi-

Translated from Atomnaya flnergiya, Vol, 47,'No. 6, pp. 428-429, December, 1979.
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mental studies of the stability of the magnetic configuration by a poloidal divertor with two zero points. The
stability region found by the authors apparently is the consequence of the concrete relation between the incre-
ment in instability and the duration of the discharge. In a paper, workers of the Institute of High Temperatures
of the Academy of Sciences of the USSR (IVTAN) considered the dynamics of particles in a divertor layer in the
case of strong circulation. It was found that the temperature of the plasma in the divertor layer could decrease
appreciably because of intensification of circulation. A paper. from the Kurchatov Institute on the possible use
of a stream of incident microshells on the plasma boundary as a diaphragm showed that such a method permits
a reduction in the average thermal load on the diaphragm elements by an order of magnitude, Such a diaphragm
“ can perf orm some of the functions of a divertor. One U.S. paper was devoted to contamination of plasma in
INTOR. With the use of silicon earbide coatings on the walls, one might expect insignificant contamination of
the plasma for 20-30 sec. A lively discussion was aroused by the opinion that it will be possible to do without
~'a divertor in this device. This subject, however, requires careful theoretical and experimental substantiation,

Several papers presented by Soviet researchers were devoted to the currently intensively studied inter-
~ action of fast atoms with various materials, as applied to the problem of the first wall of thermonuclear reac-
tors. A report was given on an experimental investigation of the mechanism of the formation of streams of
atoms which could enter the plasma [Moscow Engineering Physics Institute (MIF])] and on the study of the
-reflection of light and heavy ions with an energy of 3-30 keV from a stainless-steel surface; the study was
carried out on the Iris machine (Kurchatov Institute). The first results were given from the study of gas
liberation from zirconium hydride in the course of ion bombardment as a function of the temperature and
vacuum conditions (MIF]). A study was made of the influence of the technology of surface treatment on the

* scattering process.- An original technique was presented for determining the diffusion coefficient and the acti-
vation energy of deuterium occluded in molybdenum (MIFJ),

An interesting U.S. paper gavé.‘the latest results from studies on the resistance of various materials to

. high specific thermal loads. The experiments were conducted with a 10-keV electron beam with a power of

180 MWm?, ‘The results ‘permit carbides of materials with a low z (e.g., TiC—C) or various types of graphite
to be recommended as a material for the diaphragm. A U.S. paper on the results of studies on the properties
of low-z coatings showed that a coating of TiB, on a graphite base is satisfactory. As a result, a design was
developed for a diaphragm in which a 35-um TiB, layer is deposited on a graphite substrate. A diaphragm of
this kind has been installed in the ISX-B machine and one will be built in the PDX machine. Similar topics
were discussed in papers by researchers from the LV, Kurchatov Institute of Atomic Energy and the Institute
of Physical Chemistry of the Academy of Sciences of the USSR (IFKh AN SSSR). In their opinion, a solution to

the problem of the first wall is to produce a renewable coating of titanium sputtered onto stainless steel and to -

develop shields to bear the radiation and thermal loads.

The meeting considered unipolar arcs as possible sources of impurities. As shown by the discussion of
results, there still some contradictions in experimental results obtained in various tokamaks and the avail-
able theory cannot explain certain effects. Further studies on this problem are, therefore, desirable,

On the whole, the work of the meeting showed that a great deal of attention is being devoted in the Soviet
Union and the United States to plasma_.-wall interaction. - :
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SECOND MEETING OF INTERNATIONAL WORKING
GROUP ON INTOR

V. I. Pistunovich and G. E. Shatalov

The meeting took place in Vienna, Austria, in June and July, 1979. Its work was organized so that mate-
terials on the physicotechnical foundations of INTOR = prepared by the participants of the working group in
their own countries — could be compared, the differences on each of the topics discussed could be established,
and subjects for further investigations could be designated. Experts from Euratom, the Soviet Union, and the
United States were the first to take part in discussions on some of the topics.

In order to achieve a more logical structure in the report on INTOR for the International Council on
Thermonuclear Research, the aforementioned topics were grouped into more general sections: plasma, mag-
nets and power, the blanket and tritium, engineering problems, and safety and the environment,

Much attention was devoted to the discussion of the basic parameters of INTOR, with a more detailed
discussion of its technical purposes and its place in the controlled fusion program. In the tokamak program,
INTOR is intermediate between the devices of the next generation (T-15, TFTR, JT-60, JET) and the demon-
stration power reactor (DEMO) for the generation of electricity. In view of this, it was recognized that it '
should be somewhat larger than an engineering—technological reactor. In accordance with the definition of
INTOR as the maximum reasonable step beyond the generation of physical devices, the main objectives were
formulated. '

1. The operating mode should be close to that of a power reactor. This means ignition of the thermo-
nuclear reaction in DT plasma, duration of working pulses no less than 100 sec, neutron load on first wall no
less than 1 MW/m?, and an off-duty factor of no more than 30% between working pulses.

2. The basic technological solutions appropriate for a reactor should be used in INTOR: superconduc—
“tors in toroidal and poloidal coils, a divertor for ensuring a steady-state burn of the thermonuclear reaction,
means of monitoring the power balance in the plasma, auxiliary heating systems, a closed tritium plasma
column, a technology for maintenance by remote control, and vacuum technology.

3. INTOR should be provided with blanket modules for engineering tests on: the technology of produc-
ing and extracting tritium from the blanket, structural designs of elements, the technology of a blanket for si-
multaneous production of tritium and electricity, materials for radiation resistance, and solutions concerning
plasma control and monitoring.

4. INTRO should demonstrate: the possibility of producing electricity in a thermonuclear reactor and |
breeding tritium, the capability of the thermonuclear reactor for stable and prolonged operation, and a max-
imum load coefficient of up to 50%.

These objectives can be carried out in three stages. The first would comprise three years of work with
a load coefficient of 10-209, at first with hydrogen plasma and then with DT plasma, along with the develop-
ment of operating modes and demonstration of the production of electr1mty The second stage would consist
of four years of operation with a 25% load, execution of engineering tests on various blanket modules for
tritium production, joint production of tritium and electricity, materials testing, as well as alternative solu-
tions for heating and monitoring the plasma. The third stage would cover five years of operation at 50% load
for testing the entire facility under conditions close to power conditions, testing the life of materials, and
verifying alternative proposals for the production of a considerable quantity of tritium.

Alternative possibilities which could alter the objectives and parameter of INTOR are to be considered
by the end of 1979:

increasing the production of tritium to half or all of the quantity required;

increasing the scale of electricity production to 50 MW (E) or reaching a positive electrical balance;

Translated from Atomnaya Energiya, Vol, 47, No. 6, pp. 429-430, December, 1979.
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Increasing the specific load of the reactor and the total neutron load to 5 MW .'yr/ mz".'

The indicated alternative objectives bring the INTOR closer to the DEMO reactor which should produce
electricity, produce enough tritium for its operation, and demonstrate the efficiency of the design as a proto-
type of a commercial reactor. /

It is expected that INTOR will go into operation in 1990. The physical problems for DEMO can be expec-
ted to be solved by 1993, the testing of the blanket and the solution of the engineering problems of the thermo-
nuclear reactor, which are necessary for its construction, should be completed by 1997, and materials testing,
by 2002. It would thus go into operation in 2005 or later.

The meeting drew up the first (working) version of a composite report on INTOR and tables of the rec~
‘ommended parameters. New special questions on each topic were formulated and the answers should be pre-
pared for the third meeting. By that time an estimate should be made of the cost of INTOR and the required
human resources and construction schedule should be established.

By decision of the IAEA the work of the international working group has been extended to June 1980, It
is envisaged that in 1980 the group will begin drawing up a predraft conceptual project. In the opinion of the
members of the Supervisory Committee, this work can be organized through the staffs of the institutes of the
participating countries without setting up a special project group.

The third meeting of the International Working Group will be held in October, 1979.

EUROPEAN CONFERENCE ON HIGH-ENERGY PHYSICS

L. I. Lapidus

The conference, which was held in Geneva, Switzerland, in June and July, 1979, was attended by more
than 820 researchers. The program comprised five sections: neutrino physics, electron—positron collisions
at high energies, charged leptons, hadron interactions, and problems of theory. Review papers were presented
at the plenary sessions by 17 rapporteurs and 52 invited speakers.

‘The PETRA colliding electron—positron beam accelerator at Hamburg, Federal German Republic,
reached a particle energy of 27.8 GeV in the ¢.m, frame of reference. In the near future this will be in-
creased to 32 GeV. This accelerator is being used to look for a new t quark whose mass is estimated at 14-
15 GeV as well as to study decays of families of v particles with a mass of ~9.5-10 GeV. Within the frame-
work of quark—gluon concepts, v mesons are a bound state of a b quark and a b antiquark in much the same
way as the family of J/ particles is a bound state of ¢ quark and a ¢ antiquark, while a ¢ meson is a bound
state of an s quark and an s antiquark. Let us recall that a proton and a neutron are g bound state of three
light quarks, u, u, d and d, d, u, respectively. The heavy quarks s, ¢, b have a nonzero strangeness, charm,
and color. Interaction between quarks takes place through an octet of gluons. As a result of an interaction
with a large momentum transfer, the presence of quarks and gluons results in the occurrence of a. jet of
hadrons, strongly interacting particles. The study of the decay of the v particle, possessing a "latent color "
revealed decays into three jets. If it is assumed that jets are caused by gluons (nonunique interpretation),
~ then they have a spin of 1, as was expected theoretically. An intensive search is being made for the t quark
but at the time of the conference the search has not been successful.

In a pion beam with an energy of 150-176 GeV in CERN reseachers found a narrow resonance in the sys-
tem J/ —K—7. This points to the existence of particles with a mass of about 5.3 GeV with explicit charm.
Such a particle can be formed as the result of the decay of new particles with the quark structure (bu)_ and
(bd)?. At Stanford, California, researchers are studying the spectroscopy of the family of J/A) particles on the
PEP colliding electron—positron beams. In the latest experiments, use has been made of a new, highly effec-
tive technique, i.e., a y-ray detector which consists of a large number of counters incorporating sodium io-
date crystals (crystalline sphere). As a result, a new picture of levels of charmonium, a bound system of ¢
and ¢ quarks, has been established. . The existence of triplet P states has been confirmed while the existence
of single states of ¢ and c quarks. Investigation of the MARK II facility revealed the existence of rare non-
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leptonic decays of charmed D mesons, which marks the beginning of a new‘,' deeper study of the properties of
charmed particles. By the end of 1979 work should be completed at Stanford on the construction of PEP, a
new accelerator facility with electron and positron beams with an energy of 36 GeV in the c.m. frame.

In the past two years experimental evidence has been obtained for the existence of a series of bound
states ("narrow resonances") of the pf) system with a mass of 1,94, 2.02, and 2.2 GeV. Some of the new ex-
periments, whose tentative results were discussed at the conference, have not confirmed their existence. The
new experiments were conducted in the antiproton beam at Brookhaven and in the pion beam at CERN. The
investigations are being continued and the final result will be obtained when the data of all experiments has
been analyzed. '

A large research program is being conducted with high-energy neutrinos as well as on the physics of
weak interactions. Research on neutrino beams is being done by using hybrid facilities: a pellicle stack as a
triggering detector, a bubble chamber for target indication, and an electronic part for identification of mesons.
Several events of the creation of charmed hyperons have been reliably identified by this technique and measure-
ments have been made of their lifetime, which is about 7 101 sec.

A small bubble chamber that has gone into service at CERN has a high repetition rate, 20 expansions per

second, with a high spatial rarefaction (~ 15 um according to the design), allowing it to be used as a triggering
detector for interactions.

The overall result of research on neutral currents in weak interactions comes down to the validity of a
variant of the unified Weinberg—Salam theory, and the sole parameter of the theory, i.e., the Weinberg angle,
is determined very accurately as sin? 8y =0.23 + 0.015. The next important step, if this theory is valid, is
that of detecting the weak-interaction carrier, the Z° boson, with a mass of 88.7 GeV/sec?. The process of
neutrino splitting of the deuteron, ve +D—vg +p +n, has been observed for the first time. The first neutrino
experiment for verifying the multiplicative law of lepton conservation has been conducted on the linear proton
accelerator as Los Alamos. ’ :

Considerable time at the conference was devoted to deep-inelastic processes with the participation of
high-energy neutrinos. In the quark-parton picture these processes occur on quarks which are effectively free
for the square of the momentum transfer Q*>| 0.3 GeV/sec [2. The structure functions of nucleons are linear
combinations of the quark density in the nucleon with infinite momentum. Experimental data on neutrino pro-
cesses along with data on inelastic scattering of high-energy electrons make it possible to obtain data about
the structure functions of nucleons. An important place was occupied by data obtained by Soviet researchers

on the observation of parity nonconsevation effects in heavy atoms in complete agreement with the Weinberg—
Salam theory.

The conference discussed hadron collisions at high energies. The data on such processes (both hadronic
and leptonic) with a large momentum transfer are interpreted within the framework of the quark—gluon pic-
ture (quantum chromodynamics), Processes with the formation of a jet of particles, detailed analysis of the
change in the value of the transferred momentum as a function of the incident-particle energy and charge and
other correlations in the particle jets, and the "broadening" of one particle jet as the result of gluon brems-
strahlung are in qualitative agreement with quantum chromodynamics, However, the main theoretical prob-
lems of the confinement of quarks in hadrons remain unresolved.

Some of the papers were devoted to the polarization (spin) effects at high energies. From the point of
view of the quark—parton picture, particular attention is being paid to spin effects at a high momentum trans-
fer. Researchers at the Argonne National Laboratory, U.S.A., studied the scattering of polarized 6-GeV neu-
trons (12-GeV deuterons) by polarized protons, and measured the polarization correlations. The polarization
of hyperons at high energies, when the polarization of the protons in the beam is small, proved to be unex-
pectedly high. It is proposed not only to continue investigations on spin effects but also to use polarized hy-
peron beams for exact measurement of the magnetic moments of hyperons, whichis of interest from the pcint
of view of the quark structure of hyperons. From this point of view much attention was devoted to processes
of hadron collisions with a small momentum transfer, where the main part of the total interaction cross sec-
tions is concentrated. In some cases the laws governing the interactions can be comprehended at the quark
level.

In their papers, researchers from the Joint Institute of Nuclear Research (JINR) gave the results of ex-
periments performed jointly by the JINR and the Fermilab on jet targets. These results were also the subject
of two theoretical papers which considered the processes of the diffraction dissociation of protons, Consider-
able attention was devoted to the results of studies on the dissociation of pions by nuclei on the basis of JINR—
CERN magnetic spark spectrometer. '
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The 25th anniversary of CERN provided an opportunity at the conference to discuss forthcoming research
and plans for the construction of such large new facilities as the LEP large electron and positron accelerator
-with a center-of-mass energy of ~80-200 GeV. The objective of forthcoming studies is to verify attempts to
elaborate a unified theory of weak and electromagnetic, weak, and electromagnetic and strong interactic)ns.

By 1981 CERN should have completed the construction of an antiproton storage ring, an accelerator facility
with protons and antiprotons at a center-of-mass energy of 540 GeV and an emittance of 10%° cm™2 -se_c"'l.
Goals of the first priority are the detection of the Z° meson, the study of processes with large transfers, and
the search for the formation of new particles. -

.In theoretical schemes unifying hadrons and leptons into one family, transitions between them are al-
lowed. Thus, the proton also turns out to be an unstable particle. As a result of the weakness of the inter-
action, the lifetime of the proton is estimated at 1090~ yr. Notwithstanding the great difficulties in carrying
. out the search for proton decays, two experiments are being prepared for recording scintillation or Cherenkov

. flashes in 10,000 tons of water.

SE_COND INTERNATIONAL SEMINAR ON HIGH-ENERGY
PHYSICS AND FIELD THEORY-

The seminar, which was held in Protvino in July, 1979, was attended by some 100 Soviet and foreign
workers in the field of the vtheoretical foundations of the microcosm and the mathematics for the description
of effects which occur in the interaction of energetic elementary particles.

The participants were representatives of many Soviet scientific centers, in particular the Institute of
High-Energy Physics (IVFE), the Joint Institute for Nuclear Research (JINR), the P, N. Lebedev Institute of
Physics of the Academy of Sciences of the USSR (FIAN), the Institute of Theoretical and Experimental Physics
{ITEF), Moscow State University, etc. Foreign scientific laboratories were represented by theoretical physi-
cists from the German Democratic Republic, Czechoslovakia, Bulgaria, Italy, and CERN.

The seminar heard more than 40 review papers and original communications on key problems of the
theoretical physics of elementary particles and their interaction. The main topics discussed at the seminar
touched on the most topical areas of study in the physics of the microcosm: gauge field theories, including
quantum chromodynamics, the exact consequences of the global principles of field theory, the symmetry prop-
erties of elementary particles, various models of the field theory, and phenomenology. Much attention was
paid to gravitation theory and the supersymmetry approach as well as to the development of the mathematics
of present-day theoretical physics. Considerable time was devoted to discussion.

The seminar was fruitful and made it possible for the participants to exchange information about the
latest advances in particle physics as well as to broad contacts among various scientific centers.

In view of the fact that high-energy physics is enjoying vigorous development at the present time, hold-
~ ing such seminars is a necessity for successful research and for getting information at an opportune time about
, current scientific work and about the prospects of investigations. This is why the international seminar at the
IFVE was conceived as an annual event and the success it has enjoyed in the past two years undoubtedly con-
firms the desirability of continuing with it ‘

Translated from Atomnaya_F:nergiya, Vol. 47, No. 6, p. 431, December, 1979.
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THIRTEENTH EUROPEAN MEETING ON CYCLOTRONS

N. 1. Venikov

The meeting was held at the Swiss Institute of Nuclear Research in June, 1979, with the participation
of some 100 specialists, including invited delegates from the United States, Canada, and Japan. About one-
third of the papers (24) were read while the remainder (43) were presented on posters,

Analyzing the contents of the papers and the discussion, one can make the following conclusions.

1. Enormous interest has been aroused by the start-up of the largest isochronous cyclotron, the U-400,
at the Joint Institute for Nuclear Research (JINR) which will yield high-intensity beams of heavy jons.

2. The latest generation of cyclotrons (with separated magnets) have been operating satisfactorily. The
most successful has been the complex of cyclotrons at Willigen, Switzerland, where a proton beam has been
obtained with an energy of 600 MeV and an intensity of 100 pA with a 99.9%, coefficient of extraction from the
last cyclotron. With such small losses the intensity can be increased to 1-2 mA and a new circular cyclotron-
injector with a higher intensity is being developed at the Swiss institure for this purpose. It is to be put into
operation in 1982, raising the power of the beam from the meson factory to 1 MW, Such an accelerator can be
used not only as a meson factory but also as a neutron factory. A further increase in the coefficient of beam -
extraction from the cyclotron (up to 100%) can be achieved by the method of expanding orbits, proposed and
studied at the JINR under V. P. Dmitrievskii.

The second accelerator of this generation, the TRIUMF cyclotron at Vancouver, Canada, also produces
an external beam of protons with an energy of 500 MeV and an {ntensity of up to 120 pA for short periods. But
the losses at high energy because of the electrical dissociation of negative hydrogen ions in a magnetic field
cause a residual induced radioactivity, thus not allowing such beams to be accelerated for a long time. There-
fore, in this case it is proposed to bunch ions in order to obtain short but powerful neutron bursts in a lead
target surrounded by heavy water. Further plans call for an increase in the energy (but not the intensity) in
order to produce a K-meson factory. For this purpose it is proposed to build one more cascade (a circular
cyclotron or synchrotron with a high repetition rate).

The VICKSI cyclotron (West Berlin), operating an argon and ki'ypton ions, uses a 6~-MW electrostatic ac-
celerator as an injector. The GANIL complex of cyclotrons under construction at Caen, France, will consist
of two large cyclotrons with separated magnets and two small cyclotron-injectors.

3. Much attention is being paid to cyclotrons of the new generation, with superconducting magnetic wind-
ings. Although some difficulties were encountered with the start-up of the first such cyclotron at the Univer-
sity of Michigan in the United States, primarily because of the necessity to introduce a large number of ele-
ments into the cryostat and to lead them out of it (e.g., ion source), there is confidence that the first beam will
be obtained early in 1980. At Chalk River, Canada, magnetic measurements are being conducted and research
pursued on an rf system for a second such cyclotron. Moreover, new projects are making their appearance,
two of them in the Federal German Republic. At Munich, studies are being made on the possibility of con-
structing a cyclotron with four separate superconducting magnets with a field of 5.5 T in a sector. With the
Munich laboratory's 13-MV tandem, which is to be used as an injector, the cyclotron willbe capable of ac-
clerating light ions to 300 MeV/nucleon and uranium ions to 25 MeV/nucleon. Two problems have arisin in
the construction of the cyclotron, The first concerns attainment of the required radial dependence of the av-
erage field in the injection region. As shown by estimates, the required field profile can be obtained only at
double the radius and ways and means of shimming are now being sought. It may be that this problem has no
solution; this is the fundamental problem of such cyclotrons with separated magnets. The other problem is that
because of the regulation of the finite energy of the ions (from 300 to 25 MeV/nucleon), it is necessary to vary
the growth of the average field at the final radius by 1.3 T and powerful correction windings are necessary
for this.

At Julich, Federal German Republic, a project has been prepared for a complex consisting of two eyclo-
trons with continuous superconducting magnets. The complex resembles the one built at the University of
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‘.Michigan but with an important addition: instead of an internal source use will be made of an external micro-
wave source employing electron-cyclotron resonance. Uranium ions are to be accelerated to 100 MeV/nu~ |
cleon and light lons, to 250 MeV/ nucleon, _ _ !

* In the United States, in addition to those cyclotrons already under construction, there are several pro-
- posals for the construction of cyclotrons with superconducting magnet windings,

4. The desire to increase the energy of heavy ions in a cyclotron has resulted in intensive studies on
new types of sources of ions with high charges. One of them, which is being developed more and more, is a
microwave-heated plasma source employing electroncylotron resonance. The best results have been obtained
in Grenoble, France, with sources in a stand version, But others of a similar type as applied to the cyclotron
are already being developed: at Louvain, Belgium, and Karlsruhe, Federal German Republic.

Penning-type sources are continuing to be optimized and improved. For example, a modified source
for obtaining 2¢4+ jons -according to the scheme used in the source of the cyclotron at the I. V. Kurchatov
Institute of Atomic Energy is being developed at the CERN.synchrocyclotron: this will be a source of the -
straight-channel type, with a collimated plasma~-column diameter, high power (30 A, 1000 V) introduced into
- the plasma in a discharge pulse, and a high density of plasma power ensuring formatxon of multiply charged
fons with ahigh density. According to plans, 10! 2C** 1ons per second in the external beam of the synchro-
cyclotron with an energy of 85 MeV/nucleon would be attained in 1979.

5. Acceleration of intermediate ions (lithium and beryllium), which have properties not possessed by
light and heavy ions, is becoming of increasing importance with each year. This is indicated, e.g., by the fact
that in 1965 lithium ions were accelerated in only one cyclotron (Kurchatov Institute), in 1970 in one more,
at Berkeley (California), and in 1979, in seven at Karlsruhe, Harwell (Britain), the Universities of Texas and
Indiana (U.S.A.), and Dresden (German Democratic Republic) and was planned at several others, Multiply
charged lithium jons are obtained in various ways. The most efficient is the method employed at the Kurchatov
Institute, with an internal straight-channel source of the crucible type. In respect of intensity of the external

- beam of Iithium ions, this cyclotron surpasses others. The only other cyclotrons, besides the one at the
Kurchatov Institute, which are used to accelerate beryllium ions are Berkeley (similar in intensity) and at
Texas U. (intensity two orders of magnitude lower).

6. The application of cyclotrons is expanding, especially in medicine (cancer therapy, radiography, pro-
duction of isotopes for medical purposes). Particular attention is being paid to the production of 123f, Large
quantities of this isotope are produced even in such unique accelerators as the meson factories at the Swiss
Institute (in part of the external beam of the cyclotron-injector with a proton energy of 72 MeV) and in Van-
couver. It is also obtained in large quantities in the cyclotrons at Louvain, Julich, and Karlsuhe. In Julich,
it is produced inthe reaction!?7(d, 6n)!2* Xe(8™; ¢ ~capture)!?*[ with a deuteron energy of 78 MeV. The 124Te(p
- 2n)!%%[ reaction is used in more compact cyclotrons. The interest in 1231 stems from the fact that the '3 ob~
tained in reactors and also used for medical purposes is more than 50 times worse in respect of dose of radia-
tion for the patients.

7. The meeting discussed various aspects of the technique of designing, constructing, tuning up, and op-
erating cyclotrons. Great interest was taken in the new method of measuring the energy of ions by utilizing ‘
their recombination in a beam of electrons of knowh energy, first proposed at the Kurchatov Institute, !

It was decided that the next European meeting on cyclotrons will be held in 1980 at Karlsruhe (Federal
German Republic)
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BOOK REVIEWS

"A. N, Kondratenko
PENETRATION OF A FIELD INTO PLASMA*

Reviewed by S, S. Moiseev

In the past two decades many publications have dealt with the penetration of ‘a varylng electromagnetic
field into plasma. With each day it becomes more difficult to cope with the flood of information. At the same.
time, there is little review literature, especially monographs on this area of physics. However, whereas in
the case of weakly inhomogeneous plasma these topics have been treated at least in part, there are no such
monographs in the case of highly inhomogeneous plasma as well as in the case when the effects at a sharp
bhoundary are taken into account. This gap is filled to a great extent by this book, written by an eminent spe-
cialist on wave propagation in highly inhomogeneous media. The monograph covers diverse aspects of field -
penetration and wave transformation at the boundary of both isotropic and magnetically active plasma in the
hydrodynamic and kinetic approximations.

The book expounds a large volume of factual material: wave transformation (transformation of trans-
verse into longitudinal waves) in semibound plasma and plasma layers under the condition of weak and strong
spatial dispersion, with and without a constant. magnetic field, and in a strongly and weakly inhomogeneotis
plasma; the penetration, reflection, and absorption of electromagnetic waves with nonresonance frequencies
from moving plasma into plasma at rest, under the conditions of normal and anomalous skin effect. In great
measure the author has succeeded by reducing the 1ntermed1ate calculations which he presented in great de-
tail 1n his earlier book "Plasma Waveguides."

: The author devotes considerable attention to the exposition of the physical essence of the effects con-
sidered so that the book can be useful to undergraduate and postgraduate students specializing in plasma physics
and related fields. The composition of the monograph is felicitous. From simple effects, which are expounded
with the aid of hydrodynamic description in plasma without a magnetic field, the author gradually goes on to
more complicated effects on spatial dispersion. The last chapter is somewhat separate from the main con-
tents but is not at all extraneous since it provides an essential complementation to earlier review publications
with results on the transformation of low-frequency waves in weakly inhomogeneous plasma which differs
s1gmficant1y from the transformation of high-frequency waves.

The following comments should be made: there is a dearth of graphical material, no references are
given to experimental papers, and insufficient coverage is given to studies on the interaction of radiation with
moving plasma. In the next edition the author should take this into account and expand somewhat on the sub-
jects discussed.

The monograph is useful and necessary both for further development of the theory of plasma and to an
even greater extent in connection with the numerous applications of plasma physics. Radiofrequency and laser
heating, radio communication, diagnostics of plasma and semiconductors, and diffraction on plasma formations

.are far from a complete catalog of the areas in which the conclusions of the theory of wave penetration and
transformation are used effectively.

* Atomizdat, ‘Mosco_w (1979).

Translated from Atomnaya Energiya, Vol. 47, No. 6, p. 433, December, 1979.
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. T. Cowling B
MAGNETIC HYDRODYNAMICS*

B. P, Ma_ksimenko_

Magnetohydrodynamics (MHD), conceived in the domains of geophysics and astrophysics, is now develop-
ing rapidly and has been finding increasing application in various areas of science and engineering. The ob-~
" Ject of study are liquid or gaseous conducting media and their behavior in a magnetic field. The range of ap-
plications of MHD includes both space and astrophysical problems (the sun, stars, outer space, interstellar
- plasma) as well as purely "terrestrial" applications in which use is made of hydrodynamic effects (studies
on the problem of controlled thermonuclear fusion with magnetic confinement of plasma, MHD generators,
-MHD pumps, etc.). In connection with this it is timely and opportune that we have a second, substantially re-
vised-edition and supplemented edition of a book whose author is one of the leading specialists in this field,
The primary objective of the books is to present the foundations of MHD. The choice of material as well
. the order of presentation have been subordinated to this objective.

In the first chapter, which is devoted to the principles of MHD, Cowling formulates the fundamental con-
" cepts, glves the initial electromagnetic and hydrodynamic equations, and presents the electromagnetic con-
sequences stemming from those equations. In the second chapter, which deals with magnetic hydrostatics, he
considers problems of magnetostatic equilibrium and instability. The conditions for onset of oscillatory pro-
cesses with the formation of Alfvén, magnetoacoustic, and hydromagnetic shock waves are analyzed in the third
chapter. It gives examples of large-scale oscillations in various astronomical situations. Chapter four con-
cerns the mechanisms responsible for instabilities of the Kelvin—Helmholtz, tearing-mode, and thermal types
and conditions for their stabilization. In chapter five, devoted to the passage of magnetic waves through stars
and planets, the author presents and discusses the dynamic theory, according to which a magnetic field is sus-
tained by an electric current induced in the interior region as the result of the motion of matter across force
lines, just as occurs in a dynamo machine with self-excitation. The application of the MHD approach to low-
density plasma is discussed in chapter six.

‘ An undeniable advantage of the book is that in the treatment of quite involved material, the author de-
votes considerable attention to the physical essence of the effects considered, using the least possible number
of mathematical calculations. Wherever possible, theory is compared with the results of experimental re-
.search.

v Undoubtedly, the book will be useful to all those who are interested in problems of MHD theory and its
- practical applications,

*Russian translation from the English, Atomizdat, Moscow (1978).

Translated from Atomnaya Energiya, Vol. 47, No. 6, p. 433, December, 1979,
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